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Abstract Technical specifications for multi-detector row
computed tomography (CT) scanners from different manufac-
turers were very similar until the introduction of 64-slice scan-
ners but then began to diverge with fundamental differences in
the number of X-ray sources, detector geometry, gantry rota-
tion time, and reconstruction algorithms. These hardware and
software advancements were largely driven by clinical re-
quirements for cardiac CT. This article provides an overview
of technologies available on state-of-the-art CT systems and
the clinical needs they seek to address.
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Introduction

CT hardware and software advancements during the last two
decades have largely been driven by clinical requirements for
cardiac CT including high temporal resolution tominimize the
effects of cardiac motion, high spatial resolution to assess
small structures like the coronary arteries, wide coverage in
the z-direction (direction of table movement) per rotation to

shorten scan times, optimization of X-ray spectra to discrim-
inate tissues (e.g., plaque components, normal and infarcted
myocardium), and low radiation dose to minimize patient risk.
Critical specifications for state-of-the-art CTscanners from the
major manufacturers are listed in Table 1.

The primary approach to improving temporal resolution
pursued by all manufacturers has been to decrease gantry ro-
tation time. The temporal resolution, or time required to obtain
the data for a single image, is estimated as one half of the
gantry rotation time. The fastest commercially available gan-
try rotates 360° in 250 ms with most state-of-the-art CT sys-
tems capable of rotation times equal to or less than 280 ms.
Onemanufacturer also developed a specialized scanner type, a
dual-source CTscanner, with two X-ray tube/detector systems
that rotate together to further reduce the temporal resolution to
one fourth of the gantry rotation time.

A major determinant of z- or through-plane spatial resolu-
tion, the width of the active element of a single detector, has
remained unchanged at 0.5–0.6 mm for years [1]. However,
other advancements like deflection of the X-ray focal spot
between 2 z-positions (ie, z-flying focal spot) to acquire 2
overlapping slices for each detector row have enabled im-
proved spatial resolution. Other improvements to detectors
and detector electronics have recently been introduced that
enable improved spatial resolution. These will be discussed
in detail below. The highest through-plane spatial resolution
of current MDCT scanners has been reported to be around
0.3 mm and in-plane spatial resolution in the range of
0.23 mm to 0.4 mm.

Z-coverage per rotation is increased by increasing the num-
ber of detector rows mounted on the gantry opposite the X-ray
tube (s). Currently, two commercially available CT scanners
permit coverage of 160 mm in a single rotation with other
state-of-the-art systems providing either 40 or 80 mm of cov-
erage in the z-direction. Wider z-coverage permits acquisition
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of cardiac data in fewer heart beats, minimizing the opportu-
nity for misregistration between slices and maximizing the
probability of consistent depiction of contrast agent flow
through the region-of-interest (critical for myocardial perfu-
sion studies).

Recent areas of advancement that will be discussed in de-
tail have focused on optimization of the X-ray spectra to im-
prove tissue discrimination, improvements in detectors and
detector electronics to improve spatial resolution and increase
dose efficiency, and development of innovative image recon-
struction algorithms to improve spatial resolution and reduce
needed dose per scan.

Optimal X-ray Spectra

In diagnostic CT, X-rays are produced at multiple energies
with the highest energy (and the range of energies)
controlled by selection of the peak tube potential applied
across the X-ray tube. The specific energy of each photon in
the X-ray spectra determines the dominant mechanisms of its
interaction with tissue and, subsequently, its attenuation. The
result is energy-dependent X-ray attenuation. CT scanners
typically produce a single polychromatic or polyenergetic X-
ray beam and record the attenuated X-rays using energy-
integrating solid-state detectors. The resulting attenuation data
is characteristic of X-rays with energy equal to the average
energy of the X-ray spectra.

Expanded Energy Range

Until recently, the lowest peak tube potential available on
diagnostic CT scanners was 80 kVp. A 70-kVp setting has
been made available on some scanners. Lower tube potentials
offer the advantage of improved image contrast because of an
increase in the probability of photoelectric interactions be-
tween incident X-ray photons and target tissue at lower X-

ray energies. The limitation at 70 kVp for standard diagnostic
CT is image noise because of lower X-ray penetrability.

The use of 70 kVp is indicated for cardiac imaging of
pediatric patients and smaller adults. One group compared
80- and 70-kVp settings in phantoms and children with con-
genital heart disease and concluded 70-kVp imaging may be
appropriate despite higher noise because of the increase in
contrast-to-noise ratio (CNR) [2]. Meyer et al. demonstrated
the equivalency of coronary artery image quality for adults
with a BMI less than 26 kg/m2 scanned at 70 kVp and over-
weight adults (BMI=26–30 kg/m2) scanned at 100 kVp [3].

Dual Energy CT

Dual energy CT refers to the acquisition of two spectrally
distinct attenuation data sets from the same anatomical region
of interest. Differences in X-ray attenuation at high versus low
energies can improve tissue discrimination. The signal from
very dense tissues like iodine and calcium changes the most
between high and low X-ray spectra while the signal from less
dense tissues like fat and blood changes the least.

Current strategies for acquiring dual-energy data include
using specialized scanners with either two X-ray tube/
detector systems, a single X-ray tube/detector system capable
of rapid tube potential switching, a single X-ray tube with a
filter for splitting the X-ray beam, a single X-ray tube and dual
layers of energy-sensitive detectors, or a single X-ray tube
with a wide detector array.

Dual-Source CTTwoX-ray tubes are operated simultaneous-
ly but at different peak tube potentials (e.g., tube A is operated
at 140 kVp and tube B at 80 kVp). Data are simultaneously
recorded by each tube’s corresponding detector system. Two
complete data sets, a high-energy data set and a low-energy
data set, are then available for each spatial location [4].

Alternating Tube Potential A single X-ray tube alternates
the peak potential applied across the tube from 80 to

Table 1 Critical specifications for state-of-the-art CT scanners from the major manufacturers

Scanner Collimated detector row
width (mm)

Number of Detector
rows

Coverage
(mm/rot)

Rotation time
(ms)

Temporal resolution
(ms)

GE Revolution 0.625 256 160 280 140

Hitachi SCENARIA 0.6 64 38.4 350 175

Philips Brilliance iCT 0.625 128 80 270 135

Samsung NExCT 7 0.625 128 80 250 125

Siemens FORCE 0.6 96 57.6 250 66

Toshiba AquilionONE 0.5 320 160 275 137.5
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140 kVp every 0.2 ms for successive X-ray projections as the
X-ray tube and its detector system are rotated around the pa-
tient. Two interleaved but complete data sets are then available
for each spatial location [5].

Split-Beam Technology A single X-ray tube is operated at a
single tube potential of 120 kVp but the resulting X-ray spec-
trum is filtered before reaching the patient using tin (Sn) and
gold (Au) to create high- and low-energy spectra, respectively.
Data from both spectra are simultaneously recorded by differ-
ent rows of the detector array until the desired anatomy is
covered. Two complete data sets, a high (Sn) and low (Au)
energy data set, are then available for each spatial location.

Dual Layer Detector A single X-ray tube is operated at a
single tube potential (e.g., 120 kVp) and two layers of detec-
tors are used to acquire both low-energy and high-energy X-
ray photons simultaneously [6]. The low-energy photons are
captured by the upper layer while the high-energy photons
penetrate this layer and are collected by the bottom layer.
Two complete data sets acquired simultaneously are then
available for each spatial location.

Consecutive Rotations with Wide Detector Array A single
X-ray tube is rotated twice around the same anatomic region at
different peak potentials (80, 135 kVp) [7]. A complete data
set is acquired during each rotation, one at a lower energy and
one at higher energy resulting in two data sets for each spatial
location.

Dual energy data sets obtained using any of the technolo-
gies described above can be displayed individually as conven-
tional single-energy images (e.g., 80 kVp or 140 kVp images),
as combined or mixed images (e.g., 120 kVp or 120 kVp
equivalent images), as virtual monoenergetic images, as ma-
terial composition images, or as effective atomic number im-
ages [8].

Mixed Images (aka, Combined, Average Weighted)
Images Images created with variable contributions from
low- and high-energy data to yield images with similar
attenuation properties to conventional single-energy
images.

VirtualMonoenergetic Images Images generated from dual-
energy data to display tissue attenuation properties similar to
those that would result from imaging with a monoenergetic
beam at a single kiloelectron voltage (keV) level (Fig. 1).
Reconstruction of images at higher monoenergies enables
greater levels of artifact reduction, such as metal and beam
hardening artifacts.

Material Images Images with selected materials, identi-
fied using dual energy data, either displayed or removed.
The tissue within a voxel can be decomposed into select-
ed materials (eg, iodine and water) with known attenua-
tion properties at high and low X-ray energies. The
identification of iodine, for example, allows generation
of a blood pool image displaying only iodine. The
resulting iodine maps can be depicted as grayscale
images or superimposed as a color overlay on attenuation
images. Alternatively, the identification of iodine allows
creation of images displaying no iodine and mimicking
non-contrast images. The resulting images are called
virtual non-contrast images.

Effective Atomic Number (Zeffective) Images Images
displaying pixel values equal to the Zeffective of the
tissue contained within each corresponding patient
voxel. Material decomposition of tissues using high
and low-energy spectra permits characterization of
tissues based on Zeffective. Zeffective maps can be
displayed as grayscale images or overlayed as color on
attenuation images.

DECT has proven useful for several cardiovascular
indications [8]. The conspicuity of myocardial perfusion
defects is improved on DECT-derived iodine-maps com-
pared to single-energy CT images which facilitates the
identification of hemodynamically significant coronary
lesions [9]. DECT iodine-maps have been shown to
improve detection of scar on delayed-enhancement im-
ages, with no difference in diagnostic accuracy compared
to MRI (90 % in both) [10]. With DECT, maps
displaying iodine with units of concentration (mg/ml)
can also be created that permit quantification of
myocardial iodine making the discrimination between
healthy and ischemic or necrotic tissue less subjective
[11•]. Virtual monoenergetic images are also useful for
detecting myocardial perfusion defects as they are
associated with fewer beam hardening artifacts and
reduced false positive rates. Several studies have shown
high sensitivity, specificity, and accuracy for detecting
perfusion defects from dual energy CT compared to
magnetic resonance imaging (MRI) or single-photon
emission computed tomography (SPECT) [4, 9, 12–15].

DECT-derived images have potential for improved
coronary plaque characterization, particularly in
distinguishing between calcific and noncalcific compo-
nents [16]. Calcium can also be separated from iodine
using dual energy data. This permits generation of vir-
tual non-contrast images and determination of a calcium
score from a contrast-enhanced scan; good correlation
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has been shown between calcium volumes obtained
from virtual and true non-contrast images [17, 18].
Other potential advancements in coronary imaging com-
pared to single-energy CT include better visualization of
coronary lumen in the presence of calcified plaque [19]
and better evaluation of coronary stent patency [20, 21].

The availability of dual energy data also offers the
potential for detecting and quantifying certain elements
present in the organs and tissues and introducing new
cardiac CT applications. For example, dual energy CT
has been used to detect and quantify myocardial iron
[22].

With DECT, there are opportunities for lowering both
radiation and contrast dose. The availability of virtual
non-contrast scans can obviate the need for a non-
contrast acquisition in multi-phasic studies, thereby
minimizing radiation dose [23–28]. Lower volumes
of iodinated contrast material are necessary for angio-
graphic studies due to the ability to boost vascular
signal in monoenergetic images at lower energies [29,
30••, 31].

Spectral CT

Spectral CT utilizes multiple (more than two) spectrally
distinct attenuation datasets obtained at different photon
energies to distinguish tissues and materials. Photon
counting CT is currently the closest implementation to

a full spectral imaging solution. Photon counting CT
uses semiconductor detectors such as calcium zinc tel-
luride (CZT) or cadmium telluride (CdTe) to separate
incident X-ray photons into Benergy bins^. Creation of
narrow energy bins over the range of the generated X-
ray spectrum may permit accurate classification of ma-
terial, even at low material concentrations [32].
Technical barriers to clinical implementation include
the slow response of the detector system which neces-
sitates slow rotation speeds and long examination times.

Improved Detectors/Detector Electronics

The same basic detector technology has been used in
commercial CT scanners for the last three decades [33].
The standard detector element is a solid-state detector
composed of scintillator material coupled to a photodi-
ode. Scintillators are individually cut and polished and
coated with reflectors to prevent cross-talk (leakage of
generated signal) between detector elements. The scin-
tillator material converts x-rays into visible light and
the light is detected by a photodiode. The photodiode
converts visible light into an electrical signal that is
transmitted to a computer. Detectors are typically built
in a discrete circuit such that diodes send out analog signals to
an analog-to-digital converter circuit board, then digital sig-
nals are sent to a separate digital circuit board.

Fig. 1 Conventional 120 kVp and virtual monoenergetic coronary CT
angiograms displaying the left anterior descending artery. Lower energy
virtual monoenergetic images are useful for enhancing the iodine signal
within vascular structures. Higher energy virtual monoenergetic images

are useful for visualizing coronary artery calcium. Note the similarity of
the conventional 120 kVp image and the 70 keV image (120 kVp
monoequivalent for this scanner)
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Garnet-Based Scintillator Material

The decay rate of scintillator material, or how fast scin-
tillator molecules emit light and return to a ground state
after being promoted to high-energy states by X-rays,
largely determines the response time of a detector.
New materials with shorter decay times have been in-
troduced that have enabled faster response times. Faster
detector response times offer advantages including the
capacity to support increased data sampling per rotation
without a time penalty yielding improved x–y (in-plane)
spatial resolution.

Improved spatial resolution achieved in part with updated
scintillator material provided more accurate measurement of
in-stent diameter in a coronary stent phantom [34]. The same
technology demonstrated better image quality and measure-
ment accuracy in vivo for coronary stents with diameters rang-
ing from 2.75 to 3.5 mm [35, 36].

Integrated Detector Electronics

The distance between the photodiode and the electron-
ics in a detector is a source of noise. Fully integrated
circuit detectors have recently been introduced that
combine photodiodes and electronics into a single unit
to decrease the distance between the two components.
This reduces the path of the analog signal and reduces
noise and cross-talk between adjacent detector
elements.

A positive consequence of reduced noise and better
defined individual slice profiles as a result of reduced
cross-talk between detector rows is improved z-
resolution and the potential to reconstruct thinner slices
with sufficient signal for routine clinical use. Improved
spatial resolution with integrated circuit detectors was
shown to improve coronary CT image quality and in-
stent stenosis quantification compared to a conventional
detec tor in severa l phantom studies [37, 38] .
Alternatively, reduced electronic noise with integrated
circuit detectors can be exploited to lower dose while
maintaining image quality as demonstrated for routine
chest examinations [39].

Image Reconstruction

Non-linear iterative reconstruction (IR) algorithms are
gradually replacing traditional, linear filtered back pro-
jection (FBP) algorithms as the standard approach to CT
image reconstruction. Most currently available IR

algorithms only model photon counting statistics or
noise to increase dose efficiency and reduce noise and
noise-related artifacts [40–44]. Some IR algorithms em-
ploy models of the scanner geometry and the interaction
of x-rays with the imaged objects as well as statistical
noise models. These so-called model-based [45] or
knowledge-based [46] IR algorithms are the most com-
putationally intensive but offer the greatest potential for
reduction of noise and other artifacts and improvement
in spatial resolution compared to FBP [47].

IR algorithms are primarily aimed at reducing dose
without a loss in image quality for particular clinical
applications. This is challenging because traditional CT
image quality metrics do not hold for non-linear recon-
struction algorithms. For example, spatial resolution is
independent of contrast and noise levels with linear re-
construction but dependent on contrast and noise with
non-linear reconstruction.

The Food and Drug Administration has demanded
utilization of novel image quality tools to assess dose
reduction claims with newly introduced IR algorithms.
These tools are task-based and focus on objective as-
sessment of low contrast detectability (the ability to dis-
criminate a low contrast object from its surroundings).
Typically, a phantom-based task (e.g., identifying the
presence or absence of a signal in a given image) is
defined and performed by a human observer or a com-
putational model observer. A figure of merit (e.g., re-
ceiver operator characteristic [ROC] curve, detectability
index) assessing observer performance on the task is
then obtained providing an objective measure of image
quality.

Although meaningful, these studies stop short of ensur-
ing no diagnostic information is lost at lowered doses for
a specific clinical task which necessitates clinical valida-
tion studies. A prospective, multicenter, multivendor
noninferiority trial assessed the potential for IR to enable
reduced radiation exposure during coronary CT angio-
graphy compared to image reconstruction with FBP [48].
Results demonstrated that image quality was maintained
with the combined use of 30 % reduced tube currents and
IR algorithms when compared with the delivery of
standard tube currents and reconstruction with FBP
(Table 2).

Several clinical studies have assessed the diagnostic accu-
racy of coronary CT angiograms acquired at lowered doses
and reconstructed with novel IR algorithms using invasive
coronary angiography (ICA) as a standard of reference [44,
49••, 50, 51]. Outcomes included diagnostic accuracy, sensi-
tivity, specificity, negative predictive value and positive
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predictive value. Several studies found comparable or im-
proved image quality at lower doses with IR compared to
higher doses with standard (e.g., FBP) algorithms and compa-
rable outcomes [44, 50, 51]. One study, evaluating only lower
dose IR in comparison to ICA, noted significant differences in
specificity, PPV, and accuracy between patients with calcium
scores greater than 400 and calcium scores less than 400 (92.1
versus 97.9 %, 76.0 versus 86.7 % and 91.7 versus 96.6 %)
indicating limitations exist using CT for the assessment of
coronary stenosis in patients with a high calcium burden even
using advanced reconstruction techniques [49••].

It is important to note that specific algorithms differ widely
across manufacturers as do different algorithms from the same
manufacturer. The resulting noise patterns and artifacts in re-
constructed images differ and conclusions based on evaluation
of one algorithm are not always transferable to other
algorithms.

Future

Future CT hardware and software advancements will
likely continue to be driven by the clinical requirements
for cardiac CT: high temporal resolution, high spatial
resolution, and soft tissue discrimination. Therefore, in-
creases in gantry rotation speed, decreases in the width

of detector elements, increases in dose efficiency of de-
tectors, availability of energy discriminating detectors
and improvements in iterative reconstruction techniques
can be expected. Continued divergence of system de-
signs across vendors is likely because optimization of
multiple features simultaneously is hindered by currently
required tradeoffs in performance, as well as cost.

Conclusion

Continuous technical innovations have enabled gantry rota-
tion times as low as 250 ms with resulting temporal resolu-
tions as low as approximately 70 ms. The number of detector
rows on these systems range from 64 to 320 covering any-
where from approximately 40 to 160 mm of anatomy.
Improvements in detector response time and the combination
of electronics and photodiodes into a single, fully integrated
circuit has contributed to improvements in spatial resolution to
as low as 0.23 mm in-plane and 0.3 mm through-plane. Non-
linear reconstruction algorithms, particularly model-based it-
erative reconstruction techniques, are increasingly available
and permit significant dose reduction compared to standard
linear reconstruction algorithms.

Optimization of X-ray spectra including expansion of the
minimum peak tube potential to 70 kVp and the availability of

Table 2 Results from the
Protection V study comparing
images reconstructed with
iterative reconstruction
techniques from data acquired
with 30 % reduced tube currents
to images reconstructed with
filtered back projection from data
acquired with standard tube
currents. Reprinted with
permission from [48]

Reduced current + IR Standard currect + FBP p value

Image quality score 3.5 (3.0–4.0) 3.4 (2.8–4.0) 0.19

GE 3.3 (2.8–3.8) 3.5 (2.8–4.0) *

Philips 3.3 (2.8–4.0) 3.3 (2.5–3.8) *

Siemens 4.0 (3.5–4.0) 3.5 (3.0–4.0) *

Toshiba 3.5 (2.9–4.0) 3.3 (2.8–4.0) *

Vessel contour blurring score 3.0 ± 0.9 3.1 ± 0.9 0.27

Patients with stenosis >50 % 44 (21.8) 41 (20.7) 0.79

Signal intensity, HU 494 ± 149 488 ± 145 0.66

Image noise, HU 28.7 ± 8.2 30.9 ± 12.1 0.04

Signal/noise ratio 18.7 ± 8.2 17.6 ± 7.4 0.16

Contrast/noise ratio 15.0 ± 7.4 14.0 ± 6.6 0.16

Dose-length-product, mGy cm 157 (114–239) 222 (141–319) <0.0001

GE 126 (100–252) 138 (132–265) *

Philips 142 (103–178) 181 (139–244) *

Siemens 230 (134–293) 319 (198–412) *

Toshiba 159 (120–183) 237 (207–316) *

Effective does estimate, mSv 2.2 (1.6–3.3) 3.1 (2.0–4.5) <0.0001

Need for additional clinical testing 15 (7.7) 15 (7.9) 0.94

Values are median (interquartile range), mean ± SD, or n (%)

FBP filtered back projection, IR iterative image reconstruction

*No testing for statistical significance was performed because the study was not powered for intravendor or
intervendor comparisons
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multiple solutions for obtaining data from the same anatomic
region at two peak tube potentials (dual energy) show promise
for improving tissue discrimination. These advances continue
to extend the clinical utility of CT for cardiovascular
indications.
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