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personalizing an integrated 
approach to CT imaging
Computed Tomography (CT)  is the back-bone and work-horse of modern medi-
cal imaging. Reflecting this central role, the numbers of CT exams carried out 
throughout the world continue to grow, and the technique itself continues to 
evolve. The rigid, deliberately standardized protocols of the past have given way 
to a recognition that personalization of the technique is advantageous for all 
concerned, with the potential to generate diagnostic images at ever lower radia-
tion doses. Succesful personalization however requires an understanding and 
mastery of many interacting parameters, including scanner parameters such as  
tube voltage and current setting as well as contrast medium parameters such as 
concentration, injection flow rate, etc. 

Exactly how best to optimize CT imaging was explained by three experts in the 
field to a spell-bound audience at a Bracco-sponsored symposium during the 
recent ECR meeting. This article describes the key messages of the symposium.  

persoNALIzed ct IMAGING : Are we tHere Yet?
By Dr. M Francone
The concept of personalized med-
icine was introduced more than a 
decade ago. The basis is a patient-
centric approach in which medi-
cal decisions, diagnostic tests and 
therapies are modulated to the 
genetic and clinical characteris-
tics of the subject. As interest in 
personalized medicine contin-
ues to increase, radiologists will 
play an increasingly important 
role in this process, particularly 
as regards the diagnostic pathway 

and imaging-guided therapy. 
For computed tomography (CT) in particular, the 

concept of a “standardized” or fixed protocol can no 
longer be applied given the issue of radiation expo-
sure, the need for iodinated contrast agents and the 
fact that notable differences (and therefore “proce-
dural” risks) exist between patients (e.g. children, 
elderly persons and subjects with chronic and/or 
neoplastic disease). 

Final CT image quality depends on a complex 
combination of individual-, scanning- and contrast-
related factors that are strictly inter-dependent and 
which need to be understood by CT users in order 
to fully optimize the acquisition and to tailor the 
examination to the specific clinical request.

coNtrAst cHArActerIstIcs ANd kINetIcs:
The degree of contrast enhancement in CT is directly 
related to the amount of iodine accumulated within an 
organ/vessel, which physically leads to higher x-ray absorp-
tion and therefore increases in CT attenuation.

Keeping in mind this very simple rule, it is important to 
recognize that vascular- and parenchymal enhancement is 
affected by different kinetics.

Vascular enhancement is mostly determined by the rela-
tionship between the iodine administration per unit time 
(the iodine flux (mg I/s) versus the blood flow per unit 
time (i.e. the cardiac output [l/min]: ) whereas parenchy-
mal enhancement is more dependent on the relationship 
between the total iodine load (mg I) and total volume of 
distribution (i.e. body weight [kg]).

A second important concept to remember when deal-
ing with contrast optimization is that CT attenuation also 
strongly depends on the tube voltage applied.

Lowering x-ray tube voltage reduces the mean energy 
of photons interacting with the detector array leading to 
a rapid attenuation increase of elements with high atomic 
number such as calcium and/or iodine due to higher pho-
toelectric interactions.

An average enhancement increase of ≈30% occurs when 
reducing the tube voltage from 120 kVp to 80 kVp while the 
effective radiation dose to the patient is reduced in parallel 
by approximately 70% on average.

pAtIeNts’ cHArActerIstIcs:
Regardless of the physicochemical features and pharmaco-
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kinetics of contrast media, some key points related to patients’ 
individual characteristics have to be taken into consideration.

1. When administering iodinated contrast media there are 
several variables to be considered. Some are controllable, e.g. 
the iodine concentration, total amount and flow rate of the agent 
and some are not, e.g. patient body weight and cardiac output. 
For example, the contrast media transit time from the intrave-
nous injection site to the beginning of the scan volume varies 
substantially across patients. It has been shown that, in 95% of 
patients, the contrast arrival time between the injection site and 
the abdominal aorta ranges between 14 and 28 s. To account for 
this variability, scan delays should be individualized. This can 
be accomplished either by using a test bolus or an automated 
bolus-triggering technique. Most vendors now have automated 
bolus triggering. In our experience, we have found this to be the 
most efficient and practical. 

2. Cardiac output is inversely related to the degree of arterial 
enhancement, particularly in first pass dynamics. Because many 
patients referred for an MDCT angiography examination have 
coexisting cardiovascular disease with reduced cardiac output, 
the initial enhancement profiles may be shallow. Thus, for an 
MDCT angiography study of the peripheral vessels, if the CT 
acquisition is initiated too soon after the arrival of the con-
trast medium bolus the opacification may not yet have reached 
adequate enhancement levels. An increase in the initial injection 
flow rate (e.g. 5–6 mL/s for the first 5 s of the injection) or the 
use of a high-concentration contrast medium (i.e. 400 mgI/mL)  
are options for minimizing this problem. 

3. The patient’s weight may also have a significant impact 
on contrast enhancement. The relationship between maximum 
enhancement and body weight is linear, with a decrease in the 
degree of enhancement obtained as the body weight increases. 
For this reason, weight-optimized protocols have been pro-
posed, mostly in countries where obesity is a major problem, 
in order to adjust the iodine dose to the individual weight of 
the patient. For example, if the total contrast media volumes 
are chosen relative to body weight, then 1.5–2.0 mL/kg body 
weight (450–600 mg I/kg body weight) is a reasonable quantity 
for MDCT angiography. However, it is important to emphasize 

that body mass affects recirculation and vascular enhancement 
much more than first pass dynamics.

4. Other parameters affecting enhancement are a temporarily 
diminished venous return, which might occur following a forced 
Valsalva maneuver as a consequence of an exaggerated inspira-
tion during a breath hold acquisition or by congenital heart dis-
eases such as patent foramen ovale or an inter-ventricular defect 
that causes a temporary right-to-left shunt with early arterial 
enhancement. Even a patient’s height might potentially represent 
a relevant variable that influences contrast enhancement with an 
inverse and non-linear correlation with aortic attenuation reflect-
ing the proportional increase of blood volume in taller subjects. 

AcqUIsItIoN tecHNIqUe:
Together with scanning parameters, acquisition parameters 
also play a crucial role in determining contrast administration 
strategies and thus have an obvious direct influence on final 
image quality.

Acquisition parameters affecting contrast enhancement 
include the following:

1. Scan duration which is influenced by the scanner type, 
pitch and acquisition mode selected (i.e. spiral vs. helical) and 
which directly influences the contrast administration strat-
egy. The general assumption is that a long acquisition window 
requires a proportionally long injection time. Chasing the con-
trast material with saline may not be feasible with slow CT scan-
ners with the result that significant enhancement differences 
exist within the acquisition direction. Conversely, scanning too 
fast may overcome the contrast bolus leading to poor vascular/
organ opacification. 

2. Determination of scan direction which usually follows the 
flow direction (i.e. cranio-caudal) with the exceptions of pulmo-
nary and carotid CT angiography. They require careful attention 
to slightly prolong the injection of contrast material to achieve 
adequate enhancement of upstream structures.

3. Definition of bolus scan arrival using either bolus test or 
bolus triggering techniques.

4. Definition of the optimal time-to-peak enhancement, 
which obviously depends on the contrast injection parameters 
(iodine concentration and flow) and the patient’s individual 
characteristics as discussed above. 

5. Scan delay, representing the difference between enhance-
ment peak and the start of the acquisition and which depends on 
the contrast injection duration and which should be optimized 
to obtain the highest enhancement within the target organ.

coNcLUsIoNs:
Personalization of the examination protocol according to the 
patient’s individual characteristics is a necessary step in CT and 
contributes to better patient care. It also increases a radiologist’s 
involvement in the “personalized-medicine” process. This is 
currently a major target of diagnostic and therapeutic pro-
cesses. Adequate tailoring of the acquisition technique requires 
knowledge of the impact on contrast enhancement of different 
individual-, scanner-, and contrast-related variables in order to 
synchronize image acquisition with the highest tissue enhance-
ment within the scanned volume to maximize image quality.

Protocol optimization in a 56 year-old female undergoing coronary CT angiography 
(CCTA) due to recurrent atypical chest pain and inconclusive stress-ECG. CCTA 
was performed with a 1st generation dual source CT scanner with 70 mL of high 
iodine contrast agent (400 mgI/100 mL) + 40 mL of saline administered @ 5 mL/
sec. The acquisition protocol was tailored to the patient’s personal characteristics 
and took into account her low body mass index (20.4) and heart rate (stable < 60 
bpm). Radiation dose was minimized with a prospectively ECG-triggered acquisition 
technique applying a low tube current setting (90 Kvp) and processing raw data with 
iterative reconstructions for image noise reduction. Protocol optimization resulted in 
an extremely low effective dose of 0.8 mSv.
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COMpuTeD TOMOGRAphY
Low kV protocoLs – wHAt YoU 
sHoULd kNow

By Dr T Albrecht. 
Attenuation of 
iodine in con-
trast media in 
CT depends 
on the mean 
photon energy 
used. The 
X-ray absorp-
tion of iodine 
is at its maxi-
mum when 
the mean 
energy of a 
p o l y c h r o -
matic X-ray 
beam is close 
to the k-edge 
of iodine at 

33.2 keV. The mean photon energy in the 
X-ray spectrum is 61.5 keV with 140 kVp, 
56.8 keV with 120 kVp, 51.6 keV with 100 
kVp, and 43.7 keV with 80 kVp respec-
tively. Therefore, the use of lower tube 
voltage in CT (< 120 kVp) increases the 
mean attenuation value of iodine. Using 
100 kVp or 80 kVp instead of 120 kVp in 
CT shifts the mean energy of the X-ray 
beam closer to the k-edge of iodine and 
thus improves contrast enhancement.

Reduction of tube voltage from 120 
to 100 or 80 kVp, on the other hand, 
decreases radiation exposure to the 
patient. When reducing tube voltage, 
some compensatory increase in tube cur-
rent is required to maintain image qual-
ity. This is in the order of 50%, but the 
exact increase in tube current varies with 
body areas, different scanners and their 
automatic exposure control algorithms. 
The degree of radiation dose reduction, 
which occurs even after compensatory 
tube current increase, depends on a num-
ber of factors including body habitus and 
body area under examination; it is more 
marked in thinner patients. When chang-
ing from 120 to 100 kV, a dose reduc-
tion of 20 – 50% is achieved in clinical 
practice; dose savings are most marked 
in the chest. 

In summary, CT scanning at low tube 
voltage improves contrast enhancement 
and reduces patient radiation dose. In 
clinical practice, low kV CT scanning 
protocols can exploit these effects in sev-
eral ways in comparison to standard 120 
kVp protocols: 

1. Increased contrast enhancement 

with better contrast-to-noise-ratio at 
reduced radiation dose if the contrast 
volume remains unchanged

2. Constant contrast enhancement 
with slightly reduced contrast-to-noise-
ratio (due to greater noise at low kVp) 
at reduced radiation dose if the contrast 
volume is considerably reduced

3. Ideally, a combined approach of 
the two options above is used: Slightly 
increased contrast enhancement with 
approximately equal contrast-to-noise-
ratio at reduced radiation dose and a 
reduction of contrast volume by 15 – 20%.

AN INteGrAted ApproAcH: wHAt 
More Is Needed?
By Prof. M Prokop

The over-
all process of 
personaliza-
tion involves 
several dis-
tinct groups 
of activities. 
These are:

In div i du a l-
ization. 

Pro cess es 
that need to be 
individualized 
include the 
CT data acqui-

sition and reconstruction process itself, 
the setting of exposure parameters and 
the contrast media injection parameters. 
 Integration. 
Interconnecting features that have to 
be integrated include voltage settings, 
(low kV) optimization of contrast media 
injection and iterative reconstruction. 
Management. 
All these individual aspects have to be 
managed efficiently. The management 
process includes recording and control 
of all protocols and ensuring that they 
are all up to date; recording their use 
and establishment of Key Performance 
Indicators (KPIs) 
Taking these items in turn, the message 
regarding data acquisition is “scan thin 
and read thick” i.e. collimation of 0.5 
- 0.625 mm but reconstruction at 3 - 
5mm. As for iterative reconstruction the 
message is clear “Use It”. People who 
don’t use iterative reconstruction but 
whose system enables it, should recon-
sider their position. It is necessary how-

ever to have someone on the team who 
fully understands it and knows how to 
optimize it. 
 
As for exposure parameters most 
modern scanners make their opti-
mization straightforward. So auto-
matic exposure control should always 
be used, in conjunction with z-axis 
modulation which enables the dose to 
be modified for example as the scan 
passes from the shoulders to the neck. 
X-Y modulation is also possible on 
most modern scanners but it is NOT 
a good idea to use this without con-
comitant z-axis modulation. Modula-
tion is of course less effective with 
wide detectors. 
Regarding kVp adaptation, there are 
now automatic programs on the market. 
However even without these programs 
good judgment can adapt kVp accord-
ing to how slim the patient is or in areas 
where there is very little absorption, etc. 

For personalizing contrast injections 
there are of course many patient-
dependent parameters involved but of 
these by far the most important are car-
diac output and blood volume. Cardiac 
output is most affected by pregnancy 
(massive increase in cardiac output) 
and heart failure (massive decrease). 
Blood volume is generally correlated 
with patient size.
Moving on to contrast injection param-
eters the factors that determine how 
much enhancement is achieved are the 
iodine delivery rate (or flux) which 
basically affects arterial enhancement 
and the total iodine load which affects 
venous enhancement. Optimizing 
contrast enhancement is important for 
CNR. Contrast enhancement increases 
with smaller patients; lower cardiac 
output; lower kVp; higher iodine 
flux and higher iodine load. Typical 
increased enhancements achievable 
through reduction of kVp are of the 
order of 41% in changing from 120 
kVp to 90 kVp. Alternatively for con-
stant contrast enhancement lower kVp 
can mean a reduction of the amount 
of contrast media required, which can 
be of use in patients with poor renal 
function. 
One other way of looking at this is 
to use increased concentrations of 
contrast media to reduce the radia-
tion dose. Enhancing the contrast in 
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the vessels means that we can accept 
a higher noise at the same signal to 
noise ratio. Thus if it were possible to 
increase the contrast used by 25% the 
dose could be reduced by about 35%. 
Thus, reduction in contrast at a con-
stant CNR is more powerful in terms 
of reducing dose than a reduction in 
mA alone. 
Now we can bring iterative reconstruc-
tion into all this. Iterative reconstruc-
tion works best in structures where 
there is a high contrast gradient, so is 
very effective in the chest but much less 
effective in the brain. It also works well 
when there is a high signal to noise ratio 
in the arteries.
However increases in contrast require 
adaptation of window settings. A 
standard window setting can give too 
much contrast and disturbing noise, 
whereas increasing the window width 
as a function of the increase in con-
trast used gives a normal contrast and 
a reduction in the visible noise. 

In practice however implementation of 
all this means that protocols have to be 
designed to personalize contrast injection. 
This means:
• Introducing a contrast calculator based 
on patient weight (possibly including 
other factors such as height and sex). 
•Establishing protocols for low radiation 

exposure, for example in CTA, cardiac, 
slim patients and children. This involves 
use of high concentration of contrast 
and high flow with a low kVp and a 
wide window together with iterative 
reconstruction.
• Establishing protocols for low con-
trast exposure. These would be useful 
in elderly patients or those with poor 
renal function. Such protocols involve 
low contrast flow and volume, a low 
kVp, a normal window and as always 
iterative reconstruction. 

prActIcAL IMpLeMeNtAtIoN 
Contrast Administration.

In practice, however, personalization 
of contrast media dosing as described 
above — in other words giving different 
amounts of contrast to different patients 
presents a few problems.

One of these is simply the regula-
tory requirements in various European 
countries, which can mean that in some 
countries it is almost impossible to give 
individual doses. A single syringe per 
patient is almost obligatory. 

Another practical issue is the simple 
fact that there are fixed sizes of bottles, 
with the result that large amounts of 
contrast media may have to be unneces-
sarily discarded. 

Home-made systems to pro vide 
multi-patient systems for administering 
various doses of contrast media inevi-
tably run into issues of maintenance of 
sterility and dealing with problems such 
as the back-flow of blood. 

To meet all these challenges, Bracco 
has introduced a multi-dosing sys-
tem, the CT Exprès contrast injector 
device, which does not use syringes but 
instead uses roller pumps. Fluid feeds 
come from saline infusion bags and two 
bottles of 500mL contrast media, and a 
“click” system for aseptically fitting the 
lines.

Practical experience of the system 
at Nijmegen confirmed the expected 
performance and showed the high 
degree of flexibility of the system. Up 
to 24 phases can be used and there is 
enough contrast for 8 - 12 patients. 
The contrast media is warmed, which 
is important when administering rela-
tively large volumes of contrast media. 
Particularly appreciated by radiogra-
phy technicians is the simplicity of use 
and the fact that the system is “clean”, 
with no spillage of contrast. 

Protocol management 
This important aspect can become dif-
ficult, particularly when there are sev-
eral different types of scanner in the 
department. 
Protocol management is also important 
to monitor compliance of radiographers, 
for example when well-meant indi-
vidual changes are introduced which 
may not always be to the benefit of the 
patient. Error detection systems must be 
implemented.
Likewise just about every radiology 
department has some old, out-dated 
non-optimized protocols lurking around 
somewhere in the system. If these hap-
pen to be resurrected and used there 
can be a significant risk of totally inap-
propriate doses being administered and 
wrong amounts of contrast media being 
used. 
Finally, protocol management systems 
must include facilities for recording total 
consumption of contrast media and 
radiation exposures. 
To address all these points, Bracco has 
developed a contrast and dose manage-
ment system, known as Nexo. 
The principal feature of Nexo is the cen-
tralized protocol management facility 
and its control of the use of protocols. 
Data can be uploaded to and from the 
contrast injector system and also to 
the RIS/PACS/HIS systems. This fea-
ture is really useful in the context of 
centralizing all relevant patient data in 
one place. Without an adequate proto-
col management system inputting con-
trast media data can be laborious and 
time-consuming. 

Thus to summarize and to refer to the 
earlier question “ What more is needed?”, 
the answer is not much, especially since 
the introduction of the new tools. 
The key is to now implement them into 
routine clinical practice. 

Compatible with a large array of contrast media bottles 
and volumes, the CT Exprès system enables an opti-
mized approach to  contrast media injection, with  
direct injection from contrast media bottles.

In addition to the centralized protocol management 
facility provided by Nexo, the system also enables the 
calculation of Key Performance Indicators.


