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i) Low-dose pulmonary CT angiography:
J§ reduced radiation exposure and iodine
load at low tube kilovoltage

CT pulmonary angiography is the currently accepted standard in ruling out acute pulmonary embolism.
Issues of radiation dose received by patients via CT have been extensively disputed by radiologists and
reported by the media. In recent years there has been considerable research performed to find ways for
reducing radiation exposure from CT. Herein, we will discuss specific measures that have been shown to
be valuable for CT pulmonary angiography. The limitations and the potential benefits of reduced CT peak
tube kilovoltage will be detailed as this method is capable of reducing both radiation exposure and iodine
load to the patient simultaneously. We discuss some of the emerging tools, which will hopefully play a
significant role in wider acceptance of low-dose CT pulmonary angiography protocols.

KEYWORDS: CT angiography image quality low kilovoltage pregnancy

pulmonary embolism radiation dose

Pulmonary embolism (PE) is a very com-
mon cause of death in the USA, with at least
600,000 cases occurring annually [1-3]. In asso-
ciation with laboratory findings and clinical
symptoms, imaging is a mainstay of diagnos-
tic evaluation of patients with suspected PE.
The confident diagnosis or ruling out of filling
defects in the pulmonary arteries may be crucial
in the process of making therapeutic decisions.
In patients with suspected high-risk PE due to
right ventricular failure, a significant delay in
the introduction of thrombolytic therapy may
aggravate the patient’s health status. This delay
can have lethal consequences. On the other
hand, unnecessary treatment with thrombo-
lytic agents or long-term thrombosis prophylaxis
may result in bleeding complications (4-9). As in
several other fields of diagnostic radiology, the
imaging of PE has been revolutionized by the
wide availability of multidetector-row CT units
enabling a rapid scanning of the pulmonary
arterial system with a high spatial resolution.
To date, CT pulmonary angiography (CTPA)
using multidetector-row CT scanners has
replaced invasive pulmonary angiography as the
primary imaging modality to exclude acute PE
as it provides similar sensitivity and specificity
with lower radiation exposure [10-14]. The large
scale Prospective Investigation of PE Diagnosis
(PIOPED) 1II trial, mostly using CT scanners
with four detector rows, demonstrated high sen-
sitivity (83%) and specificity (96%) with CTPA
in the detection of PE [15]. Although the radia-
tion exposure from CTPA is generally not as
high as with a CT examination of the abdomen
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or pelvis, the mean estimated effective dose can
still reach 15 mSv on average (range, 13—-40
mSv) as reported by Mettler ez al. [16]. Other
authors have published lower observed effective
radiation doses ranging between 3 and 5 mSv
(14.17). As the benefit:risk ratio for using CT is
high and the health benefit of the CT-derived
information is immediate, the number of
CTPAs being used as a diagnostic tool will not
decrease [18]. Furthermore, there are a growing
number of young adults with suspected PEs who
are examined using CTPA. The reliability of
formulas used to estimate the relative risk of
cancer development, resulting from low-dose
ionizing radiation (i.e., <100 mSv), is subject
to debate [19-21]. Nonetheless, the radiological
community is making great efforts, especially in
young patients, to reduce exposure dose in order
to minimize the risk of developing radiation-
induced cancers during later life. There are sev-
eral reviews that have recently been published on
various tools that can be used to reduce patient
exposure from CT [22-2¢]. The applicability of
these low-dose tools is highly dependent on
the patients’ characteristics, the body region
imaged and the clinical indication. Low-dose
CT images are a disadvantage as they are often
of lower quality than their normal-dose coun-
terpart images, owing to the increased imaging
noise. Thus, specific countermeasures are often
necessary to prevent decreased image quality
and loss of diagnostic confidence. It should
be noted that the most effective way to reduce
radiation exposure to the population from diag-
nostic CT is to perform CT studies only when
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there is a clear medical necessity. Therefore, by
justifying the indication of the CT need, the
requesting physician also takes responsibility for
dose reduction to the patient.

The iodinated contrast medium (CM)
used with CTPA may cause contrast-induced
nephropathy in elderly patients, who often
have impaired renal function or diabetes [27].
The probability of developing contrast-induced
nephropathy, the third most common cause
of hospital-acquired renal failure, is directly
proportional to the injected iodine mass [27].
Thus, reducing the iodine load in this patient
group can efficiently prevent contrast-induced
nephropathy and help patients avoid dialysis and
reduce medical costs. Furthermore, reduced CM
volume is also advantageous in patients with
impaired right heart function, as even low-
osmolar CM will pull fluid from the interstitium
in its venous return and may lead to volume
overload of the right ventricle.

In summary, the ideal CTPA:

= Is ordered based on clinical suspicion of
PE (justification)

= Is tailored to the patient’s characteristics (e.g.,
body weight [BW] and body diameter, age,
gender, renal and circulatory function)

= Uses as low a radiation dose as is
reasonably achievable

= Uses the least amount of CM needed for
the diagnosis

= Provides a good image quality to enable high
diagnostic confidence

= Rules out or demonstrates other diseases as
differential diagnosis for PE

Instead of a comprehensive systematic review
of available low-dose tools for CT, this article
will emphasize specific measures that have been
shown to be valuable for CTPA. Discussion will
center on the potential benefits and limitations
of reducing CT peak tube voltage and how this
method is capable of reducing both radiation
exposure and iodine load to the patient simul-
taneously. There will also be an explanation of
the role of additional tools available to improve
image quality with low-dose CTPA. We will not
delve into the discussion of factors that impact
radiation exposure dose and image quality, which
are not or cannot be changed routinely by the
operator (e.g., focal spot size, x-ray filtration, sen-
sitivity and geometry of CT detector elements).
Despite the increasing use of dual-source CT
scanners, we will focus on single-energy CTPA,
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thus facilitating the ability to rapidly implement
the discussed tools on the most commonly used
CT units with 16—64 detector rows. In the
final section of the paper, ‘Future perspective’,
some new and emerging tools that may play an
important role in radiation dose reduction from
CTPA will be discussed. As these tools are not
significantly different from the measures used
for CT in other body regions and have been
extensively described in two recent publications
by Yu and McCollough ez al. [22,23] we will omit
an in-depth description of technical details
and limit the discussion in order to highlight
important points.

Low CT tube voltage

On most modern CT scanners, the peak tube
voltage can typically be selected between 80
and 140 peak kilovoltage (kVp). Until recently,
CTPA protocols have typically used a tube volt-
age of 120-140 kVp and tube current time of up
to 320 mAs [28,29]. In the last 5 years, increasing
attention has been put on the use of reduced
tube voltage for CT angiography in various body
regions, including the chest [30-37].

B Physical basis
The relationship between dose and tube energy
is exponential (i.e., reduction of the tube volt-
age from 120 to 100 and 80 kVp reduces dose
by 41 and 74%, respectively) if all other scan-
ning parameters are kept constant. The x-ray
photons emitted by the CT tube at lower energy
have lower velocity and, thus, decreased kinetic
energy. Compared with ‘normal’ energy pho-
tons emitted at 120 kVp tube voltage, fewer low
energy photons will reach the detector due to
increased absorption by the patient’s body. The
lower number of photons contributing to the
image will result in increased image noise (mot-
tle). If the dose becomes too low, photon starv-
ing artifacts will be generated and electronic
noise will no longer be negligible. Increased
image noise at low kVp can be compensated for
by setting the tube current time product to a
higher level. However, the ability to compen-
sate for image noise with higher tube current is
limited by the capacity of the CT tube and the
increased dose absorbed in the skin and breasts.
In contrast to tube current, the tube volt-
age has an impact on the x-ray absorption of
substances with high atomic number, such as
bone or iodine, while the attenuation by the soft
tissues is not significantly dependent on kVp.
When peak tube voltage decreases from 120 to
80 kVp, the representative x-ray photon energy
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decreases from 66 to 52 keV, respectively. As the
x-ray photon energy approaches the absorption
maximum (k-edge) of iodine, which is 33.2 keV,
the photoelectric effect will be more pronounced
in the image generated and iodine attenuation
will increase (Tasie 1) [38].

B Image quality at reduced kVp with
constant iodine dose

The net effect of reduced CT tube voltage on
the contrast:noise ratio (CNR) in the contrast-
enhanced vessels depends on the cross-sectional
area of the patient’s body region being imaged,
which strongly correlates with the BW. In light-
and mid-weight patients, the gain in vessel
attenuation at 80 kVp compensates, or even out-
weighs, the increase in image noise, resulting in
a constant or improved CNR compared with the
normal tube voltage images [23]. In a phantom
study of the chest it was shown that patients with
BWs in excess of 100 kg had a significant increase
in image noise at 80 kVp, which would result in
a nondiagnostic image quality with CTPA. This
result necessitates the use of 100 kVp for CTPA
in these larger-weight patients [37).

As mentioned previously, setting the tube
current at a higher level impedes the increase
in image noise and thus, improves CNR at low
kVp. On the other hand, the x-ray absorption
of air-filled lungs is quite low compared with
other body regions. Therefore, the increase in
image noise with low-dose CT is significantly
less expressed for the chest than for the abdo-
men or pelvis, which favors the use of low-dose
techniques for CTPA.

Two recent publications demonstrated that
image quality did not decrease when peak tube
voltage with CTPA was lowered from 140 and
120 to 100 kVp, resulting in a dose reduction of
44% and more than 50%, respectively [30,31].
Schueller-Weidekamm ez a/. found more pul-
monary segmental arteries, which were able
to be analyzed at 100 kVp [31], compared with

140 kVp. A retrospective analysis of 400 CTPAs
showed a significantly higher signal in the
contrast-enhanced vessels at 100 and 110 kVp
compared with 120 and 130 kVp, while leading
to no deterioration of image quality [39].

B Image quality at low kVp with
reduced iodine dose

The increase of the CT number in the contrast-
enhanced vessel at reduced tube voltage can be
traded to reduce the iodine load given to the
patient with no loss of CNR. For example, if we
reduce the iodine concentration in the vessels
by 25%, by reducing both the volume and the
flow rate of injected CM by a quarter, the ves-
sel signal at 80 kVp will still be higher by 26%
compared with that measured at 120 kVp using
a normal iodine dose (Taees 1). This very simple
theory also appears to work well in practice.

In a publication from 2004, Sigal-Cinqualbre
et al. drew attention to the possibility of reduc-
ing the injected CM volume for routine chest
CT at 80 kVp [34]. In doing so they found that
50—60 ml of CM with an iodine concentration
of 300 mg/ml, corresponding to approximately
15-18 g of iodine, resulted in a noninferior image
quality compared with a standard chest CT pro-
tocol using 90 ml CM at 120 kVp. Holmquist
et al. used an 80 kVp CTPA protocol with the
primary goal of reducing iodine load in patients
with impaired renal function [40.41]. This group
showed that the injected CM dose with CTPA
could be reduced to 150 mg/kg of BW in
patients with moderate to severe renal impair-
ment. This decreased amount of iodine, corres-
ponding to a volume of 37.5 ml of 300 mgl/ml
CM in a patient weighing 75 kg, resulted in
an acceptable image quality and no elevation of
creatinine. Despite significantly elevating tube
current time product up to 380 mAs, the CT
dose index volume was 5.8 mGy (mean esti-
mated effective dose, 2.5 mSv at a scan length
of 22 c¢m); however, the mean BW of patients

Peak kilovoltage Radiation Contrast medium lodine concentration Vessel

(kVp) dose (%) volume at flow in vessels (%) attenuation (%)
rate (%)

120 100 100 ml at 4 ml/s 100 100

80 26 100 ml at 4 ml/s 100 168

80 26 75 ml at 3 mi/s 75 126

The radiation dose is lower by 74% while the vessel attenuation is higher by 68% at 80 kVp compared with 120 kVp when
iodine delivery rate is not changed. In the bottom row, despite the reduced iodine delivery rate and contrast medium
volume by a quarter at 80 kVp, the vessel attenuation is still higher by 26% than at 120 kVp with normal iodine dose.

kVp: Peak kilovoltage.

Radiation dose values were calculated using the ImPACT software [101].
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Figure 1. Transverse 1-mm-thick slice (A) and coronal maximum intensity
projection reconstruction (B) of a CT pulmonary angiography at 100 kVp in
a 63-year-old male weighing 86 kg showing lobar and segmental emboli
(arrows) in the upper and lower lobes on both sides. The CT dose index
volume was 5.79 mGy, and the estimated effective dose was 3.01 mSv. Reference
quality tube current time product, 100 mAs; contrast medium volume, 100 ml

at 4 ml/s.

was rather low at 65 kg [42]. An 80 kVp CTPA
protocol was recently introduced and uses a
quality reference tube current of 150 mAs in
patients with BW less than 100 kg. Compared
with the 100 kVp CTPA protocol with reference
quality tube current time product of 100 mAs,
the low-dose protocol using 80 kVp enabled a
reduction of both the applied iodine dose by
25% and the radiation dose by 40%, with no
loss in the CNR or subjective image quality
(Fieures 1 & 2) [36]. A retrospective analysis showed
diagnostic image quality of the 80 kVp proto-
col in 100 consecutive patients weighing up to
99 kg, while keeping the average radiation dose
at 3.6 mGy, corresponding to a mean effective
dose of 1.9 mSv [43]. This dose is lower than
that from a ventilation/perfusion (V/Q) scan or
the annual background radiation dose in most

countries [16].

Figure 2. Transverse 1-mm-thick transversal image (A) and coronal
maximum intensity projection reconstruction (B) verifying filling defects
(arrows) in the lobar and segmental pulmonary arteries of both lower and
the right upper lobe with CT pulmonary angiography using 80 kVp tube
energy. In this 67-year-old male patient with a body weight of 83 kg the CT dose
index volume was 3.85 mGy, and the estimated effective dose was 2.31 mSv.
Reference quality tube current time product, 150 mAs; contrast medium volume,

75 ml at 3 ml/s.
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B Diagnostic accuracy with
low-kilovoltage CTPA

Sensitivity data for CTPA in the literature are
based on standard protocols using 120 kVp tube
voltage. MacKenzie ez al. investigated the diag-
nostic accuracy in simulated low-dose images,
where the simulation involved decreasing the
effective tube current and thus, resulted in lower
CNR values compared with normal dose images.
The authors found no significant deterioration
of accuracy in the images from the half-dose
simulation, but did observe deterioration in
the images from the one-fourth, or less, dose
simulations [44].

Although there are more data on the image
quality with low kVp CTPA, there are very few
results on the sensitivity of this method. Before
the widespread introduction of low kVp CTPA
protocols, the noninferiority of these low-dose
protocols, with respect to diagnostic accuracy,
should be determined in a large patient popula-
tion. In theory, the higher intravascular attenu-
ation at low kVp should result in an increased
contrast between the vessel and the embolus
material, suggesting that no significant fill-
ing defects would be missed. In a retrospec-
tive blinded study we compared the diagnostic
accuracy with a normal-dose protocol using
100 ml CM at 300 mg/ml iodine concentra-
tion at 120 kVp and a low-dose CTPA protocol
using 75 ml CM of same iodine concentration
at 80 kVp. The study consisted of four groups
of 30 patients matched by age, gender, BW
and thorax dimension. The blinded analysis of
the 120 CT studies by two independent radio-
logists yielded no significant difference, both
in the sensitivity and specificity at all levels of
the pulmonary arteries [45]. There are also some
preliminary intra-individual results from the
comparison of the two datasets acquired simul-
taneously at different tube energies with dual
energy CT scanners, suggesting that the accu-
racy at the lower tube energy is very similar to
that in the normal dose images [46]. However,
we are still waiting for results from prospective
randomized studies.

B Image quality for lung parenchyma
& mediastinum

Although CTPA focuses on the vessels, acci-
dental findings in the lungs such as atelectasis,
consolidation, lung nodules and pulmonary
edema are quite common. Therefore, diagnos-
tic confidence to exclude those findings should
not suffer from radiation dose reduction. The
image quality and diagnostic accuracy for the
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lung parenchyma with routine chest CT using
low mAs have been investigated (47-51]; however,
data on low kVp applications are much more
limited. In one study, image quality for the
parenchyma with 120 and 80 kVp was found
to be similar in a small number of patients [34],
but the diagnostic accuracy with low kVp pro-
tocols has yet to be appropriately analyzed. In
our clinical experience, lung nodules of rea-
sonable size (>2 mm) or consolidations can be
confidently ruled out at 80 kVp, but there are
no prospective data to support this observation.

The mediastinum is more severely affected
by the increase in image noise at 80 kVp com-
pared with the lungs, especially in patients with
a BW of 75-100 kg, which results in reduced
image quality. However, the increased noise in
the mediastinum does not restrict the evalu-
ation of the pulmonary arteries and so does
not prevent answering the primary clinical
question for CTPA. For routine chest CT
applications that are specifically targeting the
mediastinum, we suggest using tube voltages

of 100-120 kVp.

B How to deal with the increased
noise from low kVp CTPA?

The maximum acceptable noise level is largely
dependent on the reader of the image. The
use of wider CT window settings (e.g., center:
80-200 HU; width: 750-900 HU) compared
with a common mediastinal window (center:
40 HU; width: 450 HU) not only improves
the subjective perception of noise, but also
helps to avoid missing small partial filling
defects in the pulmonary arteries by reducing
‘overshine’ from the contrast-enhanced vessels
(Fieure 3). This wider window also effectively
reduces streak artifacts that are especially com-
mon in the right upper lobe pulmonary artery,
dorsal to the superior vena cava. Although the
window center and level above work well with
the 80 kVp CTPA using a reduced amount of
CM in our experience, the best window set-
tings should be selected individually at the
readers’ discretion.

An increased reconstruction thickness of
the CT images can significantly reduce image
noise. For example, doubling the reconstruc-
tion thickness from 0.625 to 1.25 mm reduces
image noise by 30% as the noise is inversely
proportional to the square root of the recon-
struction thickness. The trade-off for the lower
image noise is reduced spatial resolution in the
z-axis, which may compromise the detection
rate of subsegmental PE to a certain extent.
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Schoepf et al. found 14% more emboli in the
subsegmental pulmonary arteries when using
I-mm-thick images compared with 2 mm slice
thickness with a four-row CT scanner [52].
We think that 1-mm-thick transverse recon-
structions are usually sufficient to rule out
subsegmental PE and no submillimeter slices
are required for this task. However, we are not
aware of any comparative studies on this topic.

Overlapping maximum intensity projection
reconstructions of 5-10 mm thickness in the
transverse/coronal/sagittal plane(s) are still
used as these offer good delineation of pul-
monary arteries at low noise. However, small
emboli, or those surrounded by contrast agent,
can easily be overlooked in maximum intensity
projection images. Therefore, maximum inten-
sity projection reconstructions should always be
used in conjunction with the original transverse
images to avoid missing PE.

The use of soft kernels for image reconstruc-
tion can reduce the noise content of the images
at the cost of decreased sharpness and spatial
resolution [53]. Therefore, we do not use these
reconstructions on a regular basis.

Various noise filters and alternate image
reconstruction algorithms were recently intro-
duced as very potent tools for noise reduction
and are yet to be widely implemented. These
filters will be discussed in more detail in the
‘Future perspective’ section.

-
C: 200; W: 900

Figure 3. Effect of window settings on subjective perception of image

C: 350; W: 1500

noise at low-kVp CT pulmonary angiography. A wider window improves both

subjective image quality and delineation of small partial filling defects in the

pulmonary arteries (arrows).
C: Window center; W: Window width.
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B Further possibilities to reduce
patient dose with CTPA

The use of reduced tube current time product
is a widely used tool to help with dose reduc-
tion during routine chest CT or high-resolution
CT of the lung parenchyma, but not for CTPA
(49,54-58]. As mentioned earlier, the obvious
cause for this is the decreased CNR compared
with a normal radiation dose protocol. This is
due to the fact that the iodine signal remains
constant at an increased image noise level when
using low mAs. Alternatively, the automatic real
time adjustment of the tube current, preferably
both in the x—y plane and the z-axis, can effec-
tively reduce patient dose and is already part of
the routine CTPA protocol in most facilities.

Reducing the scan length is a very simple
and effective method of reducing radiation dose
with CTPA. Limiting the scan range from the
aortic arch to the top of the diaphragm, thus
omitting the lung apex and base, can reduce
dose by up to a third and may not miss signifi-
cant peripheral emboli [59]. This is an issue of
local and personal preference, if one is willing
to omit the image information in those ana-
tomic regions in favor of lower radiation dose.
Reduced scan length can be used together with
low kVp and other tools to reach optimal results
(i.e., low radiation exposure and decreased
iodine dose), while maintaining high diagnostic
image quality (Tase2).

Correct positioning of the patient in the iso-
center of the CT gantry is often overlooked as
a significant contributor to reducing patient
radiation dose. It has been shown that small
inaccuracies of 3—6 cm can lead to increased
surface dose by 18-49% and lead to reduction
of image quality when using automatic tube
current modulation [60,61].

B Low-dose CTPA in patients

with special conditions: high BW

& pregnancy

High BW causes both increased noise and
reduced attenuation from iodinated CM
due to both the high proportion of absorbed
x-ray photons and beam hardening [23.37.62].
Therefore, tube voltage and current cannot be
reduced arbitrarily in order to avoid reduced
image quality. In our experience, patients with
BWs between 100 and 130 kg can be examined
with 100 kVp tube voltage and 150 mAs qual-
ity reference using a 16-row scanner (Somatom
16, Siemens Medical Solutions, Forchheim,
Germany) with automatic exposure control

(CareDose4D).

Imaging Med. (2010) 2(6)

In pregnant women with suspected PE, it
is especially important to keep patient dose as
low as possible. Lung scintigraphy is currently
accepted to exclude PE in cases of an elevated
D-dimer, if sonography of the lower extremities
is negative for deep vein thrombosis. Low-dose
CTPA at 80 kVp is a good alternative for lung
scintigraphy at similar patient dose, especially in
cases of known chronic lung disease or patho-
logic changes on a conventional chest radiograph,
as a V/Q scan would probably yield a nondiag-
nostic result. Stopping the lower end of the scan
range at the diaphragm and using oral barium as
internal shielding are effective methods to keep
radiation dose to both the mother and fetus
reasonably low. Wrapping a lead apron over the
lower abdomen is unlikely to reduce the radia-
tion exposure because most of the scatter radia-
tion comes from inside of the body [63-66]. An
estimated dose to the fetus of less than 0.1 mGy
is very low, with only minimal, if any, increased
probability of developing cancer or malforma-
tions [67-69]. More importantly, pregnant women
have demonstrated increased amounts of radio-
sensitive glandular breast tissue as compared with
nonpregnant women. The impact of using breast
shields in preventing higher absorbed breast dose
is controversial in the literature [70,71]. In addition,
the CM injection protocol should be adapted to
account for the hypercirculatory state that arises
during pregnancy, which is due to high blood
volume, elevated cardiac output and physiologic
AV shunts in the placenta. These factors, along
with increased intra-abdominal pressure, result
in rapid dilution of injected CM in the vessels,
with lower and earlier peak enhancement [72-74].
Thus, the iodine delivery rate must be increased
in pregnant women by increasing the flow rate
and/or the iodine concentration of the contrast
agent. Moreover, during the second and third tri-
mester it may be nearly impossible for the patient
to hold their breath throughout the duration of
the examination, especially when using a CT
scanner with 64 or less detector rows. Therefore,
a shallow but continuous breathing regimen is a
good alternative, which additionally helps in pre-
venting further increases in the intra-abdominal
pressure and may also improve opacification of
the pulmonary vessels. The latest generation CT
scanners are able to scan the whole chest in less
than 1 s, making breath holds unnecessary.

Since iodinated contrast agents have been
shown to cross the human placenta and enter the
fetus, the Guidelines of the European Society of
Urogenital Radiology suggest that thyroid func-
tion should be checked in the neonate during
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Table 2. Suggestion for a low-dose CT pulmonary angiography protocol.

Parameter Standard protocol Low-dose protocol

Tube voltage 120 kVp 80 kVp

Reference mAs 100 mAs 150 mAs

Collimation 16 x 0.75 mm 16 x 0.75 mm

Pitch 1.15 1.15

Tube rotation time 05s 0.5s

Reconstruction thickness 0.75 mm 1.0 mm

Scan length 260 mm (from lung apex to upper liver) 175 mm (from aortic arch to diaphragm)
Contrast medium iodine concentration 300 mg/ml 300 mg/ml

Contrast medium injection volume 80 ml 60 ml

Contrast medium flow rate 4 ml/s 3 ml/s

Contrast medium injection time 20s 20s

Saline flush 20 mlat4 ml/s 20 mlat 3 ml/s

CT dose index volume 7.65 mGy 2.96 mGy

Estimated effective dose 3.38 mSv 0.90 mSv

Attenuation in main pulmonary artery 100% ~130%

Noise 100% 125%

Contrast:noise ratio 100% 104%

The estimated effective dose using the low-dose protocol above in an average patient is about a fourth of that with a standard CT pulmonary angiography. The
injected contrast medium volume during the low-dose protocol is lower by 25% compared with the standard protocol, while the contrast:noise ratio is slightly
increased by 4%. Note that both protocols use fixed contrast medium volumes providing good vessel enhancement in patients weighing between approximately
50 and 90 kg. Contrast medium volume can be reduced in light patients but iodine doses strictly adapted to body weight can lead to unnecessary iodine load of the
kidneys in obese patients [43].

For both protocols, the automatic tube current modulation (CareDose4D) is switched on and bolus tracking (Care Bolus) is used. The parameters are optimized for a
16-row CT Siemens unit (Somatom 16, Siemens Medical Solutions, Forchheim, Germany) but can easily be adapted to scanners with more detector rows or units
produced by other manufacturers. Please note that this scanner adapts tube current to the pitch factor, resulting in constant patient exposure. Thus, increasing pitch
is not a suitable tool for dose reduction with this scanner.

The injection time of the contrast medium, and thus, the contrast medium volume, can be significantly reduced when using a more rapid CT unit. However, correct
timing of the scan start becomes more critical with shorter contrast medium bolus.

Estimated effective dose was calculated by multiplying the scan length by a correction factor (0.017 mSv/mGy*cm) and the CT dose index as reported by the console
of the CT scanner. Please note that actual radiation dose depends on patient weight.

the first week [75]. However, Atwell et al. found
normal serum thyroid-stimulating hormone lev-
els in 21 neonates exposed in utero (76]. We are
not aware of adequate and well-controlled tera-
togenic studies on the effects of iodinated CM in
pregnant women.

of advanced x-ray beam-shaping filters adapted
to the scan region can contribute to significant
radiation dose reduction [79]. The commercial
introduction of the photon-counting detector
systems is expected to revolutionize CT imaging,
both in terms of dose reduction and tissue char-

acterization (80,81]. All these promising techniques
can be used with CTPA alone or in conjunction
with other low-dose tools. However, comprehen-

Future perspective

In the last decade, tremendous efforts have been
made by CT manufacturers to improve image
quality and reduce patient dose. More advanced
collimator designs allowing for significant dose
reduction by adaptive shielding (i.e., elimination
of overscanning at the beginning and end of the
scan range) have recently become available [77.78].
A novel scanning algorithm minimizing the tube
current when the x-ray tube travels over the ven-
tral surface of the patients’ body is a very promis-
ing method to reduce radiation dose to the most
radiosensitive organs, such as the breast, lens and
thyroid gland (70]. The development of detectors
consisting of more sensitive and rapidly respond-
ing detector elements with advanced geometry
will lead to improved detection efficiency of x-ray
photons, all allowing for a significant dose and/
or noise reduction in the near future. The use

sive scientific investigations should precede their
routine implementation.

Besides the improved detection of the roentgen
quanta, optimizing reconstruction from the
available image data is an important topic of cur-
rent clinical and industrial research. Although it
has been widely used in nuclear medicine imag-
ing for a long time, only recently have iterative
image reconstruction techniques become avail-
able for CT. There are numerous advantages
for using iterative image reconstruction instead
of the currently used filtered back projection
method, which include reduced noise and beam
hardening effects, improved handling of incom-
plete image datasets and improved spatial resolu-
tion [82-84]. Owing to the extensive computing
capacity required, it was available for research

future science group www.futuremedicine.com 701



Szucs-Farkas, Vock & Schindera

only, but not for commercial use. To date, most of
the major CT vendors have implemented iterative
image reconstruction in their newest generation
models of scanners, by using either original raw
data or image data. The improved image qual-
ity due to iterative reconstruction could enhance
the acceptance of low-dose CT protocols, both
among radiologists and referring clinicians, who
often disfavor using low-dose protocols owing
to increased image noise. Furthermore, reduced
image noise might facilitate the extension of the
indication of low-kVp CTPA to obese patients
and may improve the diagnostic confidence for
pathologic changes in the mediastinum and lung
parenchyma. A similar impact is to be expected
from the use of more advanced noise filters such
as the nonlinear 3D optimized reconstruction
algorithm, multiband filtering or highly con-
strained back projection local reconstruction [ss-
87]. Contrary to most of the widely available noise
filters, the previously referenced techniques are
capable of improving the image quality with no
loss of spatial resolution. Although the effect of
these filters on image quality is explored by scien-
tific investigations for abdominal CT, data on the
impact with CTPA, and especially on the diag-
nostic accuracy of these techniques, are limited.
Therefore, further research and careful analyses
are necessary before these techniques find their
way into routine diagnostic approaches to exclude
acute PE.

Although it does not reduce radiation dose
alone, calculation of the iodine content from the
datasets acquired by two x-ray tubes working at

two different energies in dual-source CT scan-
ners might reduce diagnostic errors with CTPA.
This is especially true in small lung arteries that
can appear as hypodense structures due to vol-
ume averaging with the surrounding lung paren-
chyma, and can mimic filling defects. In this last
case the calculated iodine map can help to decide
if the vessel is perfused or not. The extension
of this method to the lung parenchyma gives a
scintigraphy-like appearance of perfusion maps
and is promising to fully replace V/Q scans as a
one-stop test [88-95].

Conclusion

Low kVp, in combination with other techniques,
enables a significant reduction of both the radia-
tion dose and iodine load at good diagnostic
image quality with CTPA. The limitations of
the method and the individual adjustment of
the CT protocol to the specific patient condi-
tions will help avoid diminished image quality.
Noise reduction techniques will play an impor-

tant role in the wider distribution and acceptance
of low-dose CTPA protocols.
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Introduction
CT pulmonary angiography (CTPA) is currently the imaging method of choice to rule out acute pulmonary embolism. Average estimated
effective doses up to 15 mSv have been reported for CTPA. Simple measures that can be implemented on most of the currently used CT
units can significantly reduce both radiation dose and volume of injected iodinated contrast medium with CTPA.

Low peak tube kilovoltage
The simultaneous reduction of the CT peak tube voltage from 120 to 80 kVp and decrease of iodine delivery rate and volume by 25%
can reduce radiation dose by 74%, while increasing attenuation in contrast-enhanced vessels by 26%. The 80 kVp CTPA protocols
offer diagnostic image quality for the pulmonary arteries in patients weighing up to 100 kg. Results from retrospective studies suggest
that diagnostic accuracy of low-dose CTPA is equal to that with normal-dose CTPA, but prospective data are still lacking. After
adjusting the contrast medium injection protocol to the hypercirculatory state in pregnancy, CTPA at 80 kVp is a potential alternative
to ventilation/perfusion scan in pregnant women with suspected pulmonary embolism.

Further possibilities to reduce patient dose with CTPA
Using automatic exposure control, reduced scan range and correct patient positioning in the isocenter of the CT gantry are further
simple and effective tools to reduce radiation dose with CTPA.

Future perspective
Adaptive collimators to reduce overscanning in the z-axis and reduction of tube current over the ventral body surface of the patient to
reduce breast and lens dose have recently been commercially available. More sensitive CT detectors, advanced x-ray beam-shaping filters
and photon-counting detector systems have the potential to significantly improve image quality in the near future. Using iterative image
reconstruction algorithms in the newest generation CT scanners provides reduced image noise and will facilitate the widespread use of
low-dose CT protocols.
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