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Abbreviations 

AGD: average glandular dose 

ALCE: adjusted liver contrast enhancement 

ANOVA: analysis of variance 

BMI: body mass index  

CC: craniocaudal  

CE-MRA: contrast enhanced magnetic resonance angiography 

CENTRA: contrast-enhanced timing robust angiography 

CESM: contrast-enhanced spectral mammography 

CHD: congenital heart diseases  

CoV: coefficient of variation  

CT: computed tomography 

FA: flip angle 

FOV: field of view 

GBCA: gadolinium-based contrast agent  

gI: grams of iodine  

GRAPPA: generalized autocalibrating partial parallel acquisition 

HU: hounsfield units  

ICM: iodinated contrast medium 

IQR: interquartile range  

LBW: lean body weight  

LCE: liver contrast enhancement  

MLO: mediolateral oblique  

MRI: magnetic resonance imaging 

NSF: nephrogenic systemic fibrosis  
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PRISMA: preferred reporting items for systematic reviews and meta-analyses  

SD: standard deviation 

SENSE: sensitivity encoding 

TBW: total body weight  

TE: echo time 

TR: repetition time 

TRICKS: time-resolved imaging of contrast kinetics 

TR-MRA: time-resolved magnetic resonance angiography 

TWIST: time-resolved angiography with stochastic trajectories 
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Summary 

During the PhD course my research projects focused mainly on the effectiveness, safety and 

optimisation of contrast agents in computed tomography (CT) and magnetic resonance imaging 

(MRI), subdivided into different studies. This doctoral thesis aims at explore the possible optimisation 

of contrast medium administration protocols in different clinical contexts.  

In the first section of my thesis, we proposed two studies focused on the optimisation of the 

practice of iodinated contrast medium (ICM) injection in CT. First, we tried to verify the conditions 

for a change in the dose calculation to be administered in patients undergoing an abdominal CT. Since 

decades, it is an established practice to inject a dose of ICM calculated on the patient total body weight 

(TBW). However, this approach does not consider the different volume of biodistribution among 

patients with different body mass index (BMI). Indeed, it was demonstrated that the ICM poorly 

distributes in adipose tissue and obese patients may receive a higher dose than that really needed. We 

have hypothesized that dosing ICM as based on the lean body weight (LBW) would be a more 

appropriate approach. We firstly retrospectively calculated an ICM dose based on LBW that was 

equivalent to the dose based on TBW in terms of liver contrast enhancement (LCE). We found that 

the injected ICM dose was highly variable, with underweight patients receiving a higher dose than 

obese patients, as a radiologist-driven compensation effect.  

Starting from the results obtained from the retrospective study, we conducted a randomized 

controlled trial based on the dose equivalent between the ICM based on patient TBW and the dose 

calculated using LBW. The Ethics Committee approved the single-center, double-blinded 

randomized controlled trial (trial registration NCT03384979). Patients were randomized to LBW-

based ICM dose (0.61 gI/kg of lean body weight), or TBW-based ICM dose (0.44 gI/kg of TBW) and 

these equivalent doses derived from the retrospective study. In conclusion, LBW- and TBW-based 

ICM doses lead to a similar LCE with no significantly different variation for the LBW group, negating 

the study hypothesis and highlighting the knowledge gap about factors affecting LCE. 
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The last part of the section I aimed to systematically review contrast-enhanced spectral 

mammography (CESM) studies, focusing on adopted CESM technique, ICM issues and adverse 

reactions ICM related. Of 120 retrieved articles, 84 were included, totalling 14,012 patients. Contrast 

type and concentration was reported in 79/84 studies (94%), with Iohexol 350 mgI/mL mostly used 

(25/79, 32%), dose and flow rate in 72/84 (86%), with 1.5 mL/kg dose at 3 mL/s in 62/72 studies 

(86%). Thirty adverse reactions were reported by 14/84 (17%) studies (26 mild, 3 moderate, 1 severe 

non-fatal) with a pooled rate of 0.82%. Factory-set kVp, contrast 1.5-mL/kg at 3 mL/s, and 120-s 

acquisition delay were mostly used and only 1 severe adverse reaction was reported. 

 

In the second PhD thesis section, I focused on gadolinium-based contrast agent (GBCA) 

protocol issues. A systematic review was conducted in collaboration with the University College 

Dublin (Dublin, Ireland) during the six months fellowship and it was regarding GBCA administration 

protocols used for cardiothoracic applications of time-resolved (TR) magnetic resonance angiography 

(MRA) sequences. A search of the literature was performed to identify articles utilising TR-MRA 

sequences, focusing on type of sequence, adopted technical parameters, GBCA issues and acquisition 

workflow. Of 117 retrieved articles, 16 matched the inclusion criteria and study population ranged 

from 5 to 185 patients, for a total of 506 patients who underwent cardiothoracic TR-MRA. The 

administered GBCA was gadobutrol (Gadovist) in 6/16 (38%) articles, gadopentetate dimeglumine 

(Magnevist) in 5/16 (31%), gadobenate dimeglumine (Multihance) in 2/16 (13%), gadodiamide 

(Omniscan) in 2/16 (13%), gadofosveset trisodium (AblavarTM) in 1/16 (6%). GBCA showed highly 

variable doses among studies: fixed amount or based on patient body weight (0.02–0.2 mmol/kg). In 

conclusions, a consensus on technique for cardiothoracic applications of TR-MRA is still far from 

reached, mostly due to differences regarding contrast agent type and dose. Further studies are 

warranted to provide a common standardised acquisition protocol.  
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SECTION I: IODINATED-BASED CONTRAST MEDIUM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This section is based on: 

- Zanardo et al. Abdominal CT: a radiologist-driven adjustment of the dose of iodinated 

contrast agent approaches a calculation per lean body weight. Eur Radiol Exp. 

2018;2(1):41. 

- Zanardo et al. Using the lean body weight (LBW) instead of total body weight (TBW) to 

dose the iodinated contrast agent for abdominal CT: a randomized controlled trial. Under 

revision on Radiology. 

- Zanardo et al. Technique, protocols, and adverse reactions for contrast-enhanced spectral 

mammography (CESM): a systematic review. Insight into Imaging. Doi: 10.1186/s13244-

019-0756-0  
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Introduction 

In the current clinical context, where the strive to achieve personalised, precision medicine has 

become increasingly important, research on ICM dose optimisation is assuming a crucial role (1,2). 

Individual, morphometric-tailored dose approaches for ICMs have become more common in recent 

years. This is paving the way to make personalized ICM administration more concrete and feasible 

(1,3). 

Iodine concentration, injection rate, scanning delay time, saline solution flushing, patient blood 

pressure and cardiac function are all features affecting the contrast-enhancement in computed 

tomography (CT) (4–6). When quantitatively assessing the effectiveness of ICMs, liver contrast-

enhancement (LCE), being relating to the overall magnitude of enhancement, can be taken as a 

reference (7). LCE in CT is strongly influenced by the ICM biodistribution into the intra- and extra-

vascular space, which are both related to body size (8,9). In fact, in a radiological setting, it is widely 

accepted that a larger patient needs a higher iodine load to achieve the same magnitude of tissue 

enhancement compared to a smaller patient. For this reason, it is commonly recognized that dosing 

ICM on patient total body weight (TBW) instead of using a fixed amount, which however is still a 

part of usual practice (10), can be more accurate and patient-tailored (11–17).  

Is well known that adipose tissue is poorly perfused; as a consequence, ICM poorly distributes 

fatty body components (5,13,18,19) it is well perfused in lean body weight (LBW) (20,21). Thus, 

while dosing according to TBW is rationally effective and represents a validated approximation, in 

patients with different body composition and different proportions between LBW over TBW (e.g., 

athletes versus obese people), TBW-based dosage could lead to overdosing or underdosing the drug.  

Several studies have demonstrated that dosing ICM basing on LBW rather than TBW could 

lead a better visualization of specific organs, blood vessels or tissues, as well as lesions or tissue 

anomalies (19,22–30). LBW can be easily determined through a scale equipped with bioelectrical 

impedance analysis (31), although a formula based on patient TBW, height, and gender is also 

suitable for its calculation for ICM doses related purposes (21,32,33). 
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Previous studies using LBW for ICM dose calculation mainly compared different strategies 

and, to our knowledge, no study has performed an optimisation process to find out what is the minimal 

diagnostic ICM dose based on the LBW (22–30). Moreover, authors limited their studies mainly to 

normal weight or overweight populations. In our opinion, advantages of ICM dose calculation based 

on the LBW instead of the TBW may appear mostly in underweight and obese patients. 

Patients with impaired kidney function should be given special consideration before receiving 

iodinated ICM by vein and especially artery access. Such patients are at risk for developing contrast-

induced nephropathy, a condition in which already-impaired kidney function worsens within a few 

days of contrast material administration (34). Moreover, considering that the administration of 

iodinated ICM significantly increases radiation-induced DNA damage in blood lymphocytes and a 

lower ICM iodine dose results in a reduced level of DNA damage, at constant radiation exposure 

(35), an attempt to reduce ICM is advisable, trying to maintain a sufficient diagnostic quality. 

In 1995, Heiken et al. (7) proposed 50 Hounsfield unit (HU) increase of LCE as threshold for a 

high diagnostic quality abdominal CT, but, to our knowledge, no study has performed an optimisation 

process to find out an updated threshold considering the technical CT improvement, or based on ICM 

dosed on LBW. 

The aim of this preliminary retrospective study was to report on our experience on multiphasic 

abdominal CT and to calculate the LBW-derived CA dose that was equivalent to that derived from 

TBW, leading to the same amount of injected iodine. In other words, our final aim was to find a 

feasible formula to standardize the amount of liver enhancement across patients of all sizes, whereas 

the amount of iodine delivered will vary by patient size and by whether lean body weight or total 

body weight is used to determine the total amount of injected iodine. 

Subsequently, our hypothesis was that dosing ICM on the basis of LBW instead of TBW 

could reduce the chance of overdosing obese patients, as well as to underdosing underweight 

patients with the overall net effect of reducing the among-patient variability of liver CE and the CE 
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of other anatomical structures. The aim of this study was to verify this hypothesis in a randomized 

controlled trial (RCT). 
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1. Abdominal CT: a radiologist-driven adjustment of the dose of iodinated contrast 

medium approaches a calculation per lean body weight 

 

Materials and methods LBW retrospective study 

Study design and population 

This retrospective cross-sectional study was approved by the local Ethics Committee (San Raffaele 

Hospital, Milan, authorization number 160/int/2016). A series of 201 consecutive patients who 

underwent a contrast-enhanced multiphasic abdominal CT or portal venous phase CT at our 

institution from June to September 2016 were reviewed. 

 Exclusion criteria were: history of chronic liver disease (cirrhosis, local or diffuse liver fatty 

infiltration, or glycogen storage disease); congestive heart failure; prior cardiac valve replacement; 

restrictive and/or constrictive pericarditis; implanted devices (pacemakers, defibrillators, insulin 

pumps). Although Hamer et al. (36) defined steatotic hepatitis when liver parenchyma has an average 

CT values on unenhanced images lower than 40 HU, we excluded patients with CT values below 30 

HU in the unenhanced scan. As a consequence, low grade of steatosis has been presumably included 

in our study population. 

 

CT protocol  

All patients were studied using a 64-row CT scan (Somatom Definition, Siemens Medical Solution, 

Erlangen, Germany) with 120 kVp, tube load from 100 to 200 mAs depending on automatic exposure 

control system (CARE Dose 4D, Siemens Medical Solution, Erlangen, Germany), rotation time 0.5 

s, pitch 1, B30f medium smooth for kernel reconstruction technique and abdomen window.  

Patients TBW and height were registered in an electronic database. Moreover, a radiologist-

driven dose of iopamidol (190 patients over 201) (Iopamiro 370; 370 mgI/mL; Bracco Imaging, 

Milan, Italy) or iomeprol (11 patients over 201) (Iomeron 400; 400 mgI/mL; Bracco Imaging, Milan, 

Italy) were administered. While iopamidol is the main choice in our hospital for routine abdomen and 
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chest CT, iomeprol is used for cardiac CT. Due to practical reasons (storage lack of iopamidol, 

necessity of employ ICM bottle already opened, examination acquired during a cardiac session) some 

patients received iomeprol. A total of eight radiologists were responsible for the examinations. The 

general rule established in the department for the ICM dose to be administered for multiphasic 

abdominal CT was to use doses proportional to the TBW, multiplying the patient body weight by a 

constant, which varied from 1.1 to 1.3 mL/kg, with adjustments when the ICM dose was considered 

too high. Radiologists usually adopted their own spontaneous threshold, without any agreement 

among them. Another heuristic rule used by some professionals was “patient weight in mL plus 10 

additional mL of ICM”.  

The ICM was administered intravenously through a 20-gauge needle using an automatic power 

injector (EmpowerCTA® Contrast Injection System, Bracco Imaging, Milan, Italy) at the rate of 3 

mL/s, followed by 50 mL of saline solution at the same rate. 

The scan delay was determined using an automated triggering hardware and a dedicated 

software (Bolus Tracking, Siemens Medical Solution, Erlangen, Germany). Specifically, low-dose 

monitor images were obtained in a single axial slice of the aorta after ICM injection. When the 

descending aorta enhanced more than 100 HU, diagnostic scans of the abdomen were acquired after 

an additional delay of about 18 s (arterial phase), 30 s after arterial phase (portal venous phase), and, 

only in specific cases, 90 s (nephrogenic phase). For the aim of this study, we considered only the 

portal venous phase. 

 

LBW estimation and image analysis 

According to the international classification of BMI from the WHO (37), patients were considered 

underweight when the BMI was lower than 18.5 kg/m2, normal weighted when between 18.5 kg/m2 

and 25 kg/m2, overweight when between 25 kg/m2 and 30 kg/m2, and obese when higher than 30 

kg/m2. 
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According to Awai and colleagues (38) and Nyman (32), LBW was calculated using the James 

formula (39) (Equation 1) or the Boer formula (40) (Equation 2), due to better adherence of non-

obese patients to the first and of obese patients to the latter. 

(Equation 1) 𝐿𝐵𝑊𝐽𝑎𝑚𝑒𝑠 = {
1.1 × 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔) − 128 × (

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

ℎ𝑒𝑖𝑔ℎ𝑡 (𝑚)
)

2

𝑚𝑒𝑛

1.07 × 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔) − 148 × (
𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

ℎ𝑒𝑖𝑔ℎ𝑡 (𝑚)
)

2

𝑤𝑜𝑚𝑒𝑛
} 

(Equation 2) 𝐿𝐵𝑊𝐵𝑜𝑒𝑟 = {
0.407 × 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔) + 0.267 × ℎ𝑒𝑖𝑔ℎ𝑡 − 19.2 𝑚𝑒𝑛

0.252 × 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔) + 0.473 × ℎ𝑒𝑖𝑔ℎ𝑡 − 48.3 𝑤𝑜𝑚𝑒𝑛
} 

All images were reviewed by a radiology resident with two years of experience in the field of 

abdominal CT. Attenuation measurements were obtained by manually placing a rounded region of 

interest in the anterior (III or IVb Couinaud) and in the posterior (VI Couinaud) segments at the level 

of the main portal vein with a diameter between 2 and 3 cm; these two values were averaged. Two 

different regions in anterior and posterior liver parenchyma were chosen because of subtle territorial 

differences in liver enhancement probably due to different level of fatty infiltration and vascularity. 

Focal hepatic lesions, blood vessels, bile ducts, calcifications, as well as artefacts, if present, were 

carefully avoided. 

 

Statistical analysis 

For each patient, we retrieved from the radiological report the amount and type of injected ICM in 

mL and the dose was calculated both per TBW and LBW. Moreover, to account for the different 

concentration of iodine of the two used ICMs, we converted the absolute injected amount from mL 

to grams of iodine (gI). 

The LCE was calculated as the difference between the CT value measured in the portal venous 

phase and that measured before ICM injection. To this aim, regions of interest were copy-pasted from 

one phase to another. The distribution of LCE was calculated for the whole population and for the 

four subgroups of BMI. Bivariate correlation analysis was performed using the Pearson correlation 

coefficient. The comparison of the mean ICM dose as well as of the mean LCE among the four 
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subgroups of BMI was performed using the one-way analysis of variance (ANOVA); the variance of 

LCE was compared using the Levene test of homoscedasticity. 

Differences in the practice of ICM dose calculation among radiologists were evaluated using 

the ANOVA. 

Continuous data were presented as mean and standard deviation while categorical data were 

presented as counts and percentages. The coefficient of variation (CoV) was calculated as the standard 

deviation/mean ratio. 

Statistical analysis was carried out using SPSS Statistics (SPSS v.24, IBM Inc., Armonk, NY, 

USA). A P value < 0.050 was regarded as statistically significant.  
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Results LBW retrospective study 

Distributions 

A total of 219 patients were screened, 18 of which were excluded for having chronic liver disease 

(n=13), implanted device (n=4), or congestive heart failure (n=1). Thus, 201 patients were analysed, 

106 males (53%) and 95 females (47%), with a mean age of 66±13 years (CoV 20%), mean TBW 

72±15 kg (CoV 21%), mean LBW 53±11 kg (CoV 20%), and mean LBW/TBW 74±8% (CoV 11%). 

The mean BMI was 26 ± 5 kg/m2 with 9 patients (4%) classified as underweight, 82 (41%) as normal 

weight, 76 (38%) as overweight and 34 (17%) as obese. Demographics and other data of the study 

population are presented in Table 1. 
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Table 1. Demographic characteristics of 201 patients of the study population 

Item Value 

Total no. of patients 201 

Gender 106 males (53%) 

Mean age (years) 66±13 

Mean height (m) 1.66±0.10 

Mean TBW (kg) 72±15 

Mean LBW (kg) 53±11 

Mean percent LBW/TBW (%) 74±8 

Mean BMI (kg/m2): 26±5 

Underweight (BMI<18.5 kg/m2) 9 (4%) 

Normal weight (18.5≤BMI<25 kg/m2)  82 (41%) 

Overweight (25≤BMI<30 kg/m2) 76 (38%) 

Obese (BMI ≥30 kg/m2) 34 (17%) 

TBW=total bodyweight; LBW=lean bodyweight; BMI=body mass index.  

From Zanardo et al. Eur Radiol Exp. 2018 
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The mean injected amount of ICM was 32 ± 5 gI (CoV 16%). Expressed in terms of gI/kg of 

TBW or LBW, the mean ICM dose was 0.46 ± 0.06 (CoV 13%) or 0.63 ± 0.09 (CoV 14%), 

respectively. The mean CT value of the liver was 53 ± 8 HU before ICM injection and 96 ± 13 HU 

in the portal venous phase, for a mean LCE of 43 ± 9 HU (CoV 21%). These and other data are 

reported in Table 2. 
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Table 2. Mean iodinated contrast medium dose administered in 201 patients of the study population 

Item Value* CoV 

Amount of injected ICM (g) 32±5 g 16% 

Dose of ICM per TBW (gI/kg) 0.46±0.06 13% 

Dose of ICM per TBW (gI/kg) according to BMI†:   

Underweight (BMI<18.5 kg/m2) 0.56±0.08 14% 

Normal weight (18.5≤BMI<25 kg/m2)  0.48±0.05 10% 

Overweight (25≤BMI<30 kg/m2) 0.44±0.04 9% 

Obese (BMI ≥30 kg/m2) 0.41±0.04 10% 

Dose of ICM per LBW (gI/kg) 0.63±0.09 14% 

Dose of ICM per LBW (gI/kg) according to BMI ‡:   

Underweight (BMI<18.5 kg/m2) 0.68±0.11  16% 

Normal weight (18.5≤BMI<25 kg/m2)  0.62±0.08 13% 

Overweight (25≤BMI<30 kg/m2) 0.62±0.08 13% 

Obese (BMI ≥30 kg/m2) 0.65±0.11 17% 

Liver contrast enhancement (HU) § 43±9 21% 

Liver contrast enhancement (HU) according to BMI ||:   

Underweight (BMI<18.5 kg/m2) 51±18 35% 

Normal weight (18.5≤BMI<25 kg/m2)  44±8 18% 

Overweight (25≤BMI<30 kg/m2) 42±9 18% 

Obese (BMI ≥30 kg/m2) 40±6 15% 

*Data represent mean±standard deviation. 
†This trend showed a significant negative association (P < 0.001). 
‡The comparison was not statistically significant (P ≥ 0.065). 
§Calculated as the difference between the CT value measured in the venous phase and that measured 

before contrast medium injection. 
||This trend showed a significant negative association (P = 0.004). 

ICM= iodinated contrast medium; TBW=total bodyweight; LBW=lean bodyweight; BMI=body mass 

index; gI=grams of iodine; HU=Hounsfield units. From Zanardo et al. Eur Radiol Exp. 2018 
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Correlation analysis 

A significant high negative correlation was observed between ICM dose and TBW (r = -0.683; P < 

0.001). In particular, the mean ICM dose was 0.56 ± 0.08 gI/kg for underweight, 0.48 ± 0.05 gI/kg 

for normal weight patients, 0.44 ± 0.04 gI/kg for overweight patients, and 0.41 ± 0.05 gI/kg for obese 

patients (P < 0.001) (Figure 1). 

 

Figure 1: Box plot showing the median dose (in grams of iodine per kg od body weight) per each of 

the 4 subgroups of the body mass index (BMI) according the WHO (center line). From Zanardo et al. 

Eur Radiol Exp. 2018 

 

A significant low negative correlation was found between LCE and TBW (r = -0.292; P < 

0.001) or LBW (r = -0.316; P < 0.001). A significant low positive correlation was found between 

LCE and ICM dose in gI/kg of TBW (r = 0.371, P < 0.001) or in gI/kg of LBW (r = 0.333, P < 

0.001). 

A significant low negative correlation was found between LCE and BMI (r = -0.206; P = 0.003). 

According to the four subgroups of BMI, the mean LCE was 51 ± 18 HU (CoV 35%) in underweight 
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patients, 44 ± 8 HU (CoV 18%) in normal weight patients, 42 ± 9 HU (CoV 18%) in overweight 

patients, and 40 ± 6 HU (CoV 15%) in obese patients with a statistically significant difference of both 

the mean (p = 0.004) and variance (P < 0.001). 

The mean ICM dose in gI/kg of TBW did not differ significantly among the 8 radiologists, varying 

from 0.43 to 0.47 gI/kg (P = 0.510).  
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Discussion LBW retrospective study 

In this study, we retrospectively evaluated 201 patients undergoing an abdominal CT at our 

institution. The main finding was the evidence of a kind of “compensation effect”, subjectively 

operated by the radiologists, on the injected ICM dose, always considering its calculation in terms of 

gI/kg. In fact, we observed a deviation from proportionality between the TBW and the injected ICM 

dose they declared when questioned about how they decide ICM dose. This was clear in particular 

for obese patients, which received an ICM dose lower than that theoretically based on the TBW. 

Indeed, a high negative correlation was found between the patient TBW and the administered ICM 

dose, meaning that the higher the TBW, the lower the ICM dose. 

Although there are no recommendations for obese patients (apart from a general limit of 250 

mL reported on the drug information sheet), radiologists preferred to apply a kind of precautionary 

principle by subjectively reducing ICM dose in obese patients. We could speculate that radiologists 

have somehow weighted the ICM dose according to a plausible LBW, even being not aware of the 

exact LBW.  

Importantly, although the ICM dose was reduced in obese patients, all CT examinations were 

judged as diagnostic and no patients received a repeat examination. This allows us to hypothesize a 

margin for dose reduction, especially in underweight patients, which in our study received a dose in 

gI/kg significantly higher than obese ones. In fact, the other side of the above-mentioned 

compensation effect is a potential overdosing in underweight patients, partially due to the fear of a 

non-diagnostic examination if injected strictly according to the TBW. 

Another result of this study is a trend toward a lower and lower variability of LCE from 

underweight to obese patients (Levene test P < 0.001). We speculate that this evidence indirectly 

demonstrates a better role for LBW to dose ICM rather than TBW. In fact, poor but non-negligible 

ICM perfusion in the adipose tissue would only increase variability of LCE. 

Interestingly, the practice to adjust the ICM dose, unconsciously weighting for the LBW, was 

observed in all the staff radiologists, without significant differences among them. Of note, this shared 
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practice spontaneously evolved in the department real-life. In addition, repeat CT examinations due 

to insufficient parenchymal contrast enhancement has ever been reported. 

We also obtained an equivalent ICM dose, i.e. the ICM dose based on the LBW that would 

have provided the same amount of iodine that was actually administered. In the study population, a 

mean of 32 ± 5 gI was injected, corresponding to 0.46 ± 0.06 gI/kg of TBW or 0.63 ± 0.09 gI/kg of 

LBW. Although the latter data was back calculated from the raw data, it is reasonably to think that if 

0.63 gI/kg of LBW had been used instead of 0.46 gI/kg of TBW, it would have resulted in an 

equivalent mean LCE.  

The use of LBW instead of TBW on a patient-by-patient base could impact on the overall ICM 

dose to the population, permitting a more personalized approach to ICM administration and a possible 

reduction of the total amount of ICM administered to the population. Moreover, as obesity increases 

the risk for kidney disease (41), a reduction of the overall dose to obese patients represents a further 

advantage in terms of risk of nephrotoxic effects from iodinated ICM. The associated cost reduction, 

dependent on changes in administered volume, is another advantage potentially deriving from this 

approach (10). However, although Awai et al. (38) have already identified LBW as the best indicator 

for determining the proper amount of ICM, its use has never entered the clinical practice. 

When optimising ICM dose, several factors should be taken into account (2). From 

pharmacokinetics, it is known that drug distribution in the arterial phase mainly depends from the 

heart function, while in portal venous phase vasoconstriction-vasodilatation play the main role in 

determining ICM distribution (21,42). We based our results on LCE but a wide variety of para-

physiological conditions can affect liver parenchyma in the general population (e.g. steatotic hepatitis, 

diffuse cirrhosis, previous liver diseases) that can affect LCE. 

This study has limitations, first of all its retrospective design and relatively small number of 

patients, which implied an uneven distribution of patient weights. In addition, we estimated the patient 

LBW using the James or Boer formulas. Indeed, LBW determined with the aid of a total body 

composition analyser may yield a more accurate analysis. There are several prediction formulas for 
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LBW (39,40,43,44) that may yield different results. However, for the aim of our study, the formulas 

we used are considered the simplest methods for retrospective calculation of the LBW, confirmed by 

Caruso et al (33).  

In conclusion, the ICM dose injected at our institution for abdominal multiphasic CT was highly 

variable, with obese patients receiving a much lower dose than underweight patients, as a radiologist-

driven “compensation effect”. Diagnostic abdominal CT may be obtained using 0.63 gI/kg of LBW 

and margins for dose reduction do exist.  
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2. Using Lean Body Weight (LBW) instead of Total Body Weight (TBW) to dose iodinated 

contrast medium in abdominal CT: a randomized controlled trial 

 

Materials and methods LBW randomized controlled trial 

Ethical approval 

Our RCT was reported according the CONSORT statement (45). This RCT was approved by the local 

Ethics Committee (IRCCS Ospedale San Raffaele, Milan, authorization number 160/int/2017), and 

was performed in a university hospital that is partially supported by Italian Minister of Health. All 

participants signed a written informed consent form. The trial was registered on clinicaltrials.gov as 

NCT03384979. 

 

Study design 

This was a single center, comparative, double-blinded, two-arm RCT (1:1) comparing LBW-based 

dosage (experimental group) versus TBW-based dosage (control group) for intravenous 

administration of ICM in contrast-enhanced abdominal CT. Patient enrolment started in October 

2017. 

 

Primary and secondary endpoints 

The primary endpoint was the CE of the liver. The secondary endpoints were the CT value of the 

descending aorta, vena cava, vena porta, and spleen; only for the descending aorta we also calculated 

the CE. 

 

Inclusion and exclusion criteria  

An independent operator prospectively enrolled patients aged ≥ 18 years referred to our Institution 

for a multi-phase, contrast-enhanced abdominal CT as part of their standard clinical care. Clinical 
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indication to CT was not fixed and none of the patients underwent the CT for the sole purpose of the 

study. 

Exclusion criteria were: patients needing a CT protocol different from our standard protocol for any 

reason (e.g. tube voltage different from 120 kVp); history of chronic liver disease (cirrhosis, local or 

diffuse liver fatty infiltration, or glycogen storage disease); congestive heart failure; prior cardiac 

valve replacement; restrictive or constrictive pericarditis; implanted devices (pacemakers, 

defibrillators, insulin pumps); liver steatosis defined as pre-contrast CT values lower than 30 HU; 

inability to give informed consent. 

 

Randomization and ICM dosages 

Patients were randomly assigned to either the TBW or the LBW group using a random generator 

performed by an operator external to the clinical team. Specifically, the two study groups were: 

• TBW group, receiving 0.44 g iodine/kg of TBW; 

• LBW group, receiving 0.61 g iodine/kg of LBW. 

These two dosages were obtained on the basis of the data reported by us in a retrospective study on 

201 patients. Briefly, the former was the mean ICM dose used in our Institution, while the latter was 

the equivalent dose in terms of LBW that allowed to reach the same liver CE as that obtained using 

TBW dosage. 

Neither the patient or the referral radiologist was aware of which group patients were assigned 

to. 

 

LBW estimation  

The TBW, height, waist circumference, and body mass index (BMI) were obtained. LBW was 

measured through a balance for bioelectrical impedance analysis (Tanita® mod. SC-240MA, 

Tokyo, Japan), which allows simultaneously TBW and LBW measurements. Following the BMI 

international classification of the World Health Organization (37), patients were considered 
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underweight when BMI was lower than 18.5 kg/m2, normal weight when BMI was from 18.5 kg/m2 

to 25 kg/m2, overweight when BMI was from 25 kg/m2 to 30 kg/m2, and obese when BMI was 

higher than 30 kg/m2. 

 

CT protocol  

All patients underwent a contrast-enhanced multi-phase CT scan of the abdomen. All patients were 

scanned using a 64-row CT unit (Somatom Definition, Siemens Healthineers, Erlangen, Germany) 

with 120 kVp, tube load from 100 to 200 mAs depending on automatic exposure control system 

(CARE Dose 4D, Siemens Healthineers, Erlangen, Germany), rotation time 0.5 s, pitch 1, B30f 

medium smooth kernel reconstruction technique.  

Iopamidol (Iopamiro 370; 370 mgI/mL; Bracco Imaging, Milan, Italy) was administered at a 

dose according to each study group. The ICM was administered intravenously through a 20-gauge 

needle using an automatic power injector (EmpowerCTA® Contrast Injection System, Bracco 

Imaging, Milan, Italy) at the rate of 3 mL/s, followed by 50 mL of saline solution at the same rate. 

Scan delay was determined using an automated triggering hardware and a dedicated software 

(Bolus Tracking, Siemens Healthineers, Erlangen, Germany). Specifically, low-dose single-slice 

images were used to monitor the arrival of ICM into the descending thoracic aorta. When it 

enhanced over 100 HU, diagnostic scans of the abdomen were acquired after an additional average 

delay of 18 s for the arterial phase, 48 s for the portal venous phase, and, only in selected cases, 108 

s for the nephrogenic phase. For the aim of this study, we analyzed only the portal venous phase. 

 

Image analysis 

All images were reviewed independently by a radiology resident (F.M.D.) with four years of 

experience of abdominal CT, and by a PhD student (M.Z.) with three years of experience in image 

analysis. For the primary endpoint, CT attenuation measurements were obtained by manually 

placing a 130-170 mm2 region of interest in the anterior (III or IVb Couinaud) and in the posterior 



28 
 

(VI Couinaud) segments on a slice containing the main portal vein (Figure 2); these two values 

were averaged. Two different regions of interest were chosen to take into account subtle territorial 

differences in liver enhancement. Focal hepatic lesions, blood vessels, bile ducts, calcifications, as 

well as artefacts, if present, were carefully avoided. Liver CE was calculated as the difference 

between the CT value measured in the portal venous phase and that measured before ICM injection. 

To do this, regions of interest were copy-pasted from one phase to another. Liver CE was adjusted 

with amount of iodine injected (adjusted liver CE) expressed as HU/gI. 

Moreover, measurements were repeated both in the pre-contrast and portal venous phases w 

also for the aorta at the level of celiac trunk, spleen, and psoas muscles at L3–L5 level; vena cava 

and vena porta were measured only in the portal venous phase. 

 

 

Figure 2: Example of region of interest positioning in the anterior (III or IVb Couinaud) and in the 

posterior (VI Couinaud) segments in pre-contrast phase in a male patient (65 years old). 

 

Sample size calculation 
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The sample size was calculated for the primary endpoint, assuming the following: alpha error of 

5%, statistical power of 80%, and reduction of the liver CE standard deviation from 7 HU in the 

TBW group to 5.5 HU in the LBW group [these data were derived from our retrospective study 

(46)]. A total of 274 patients (137 per group) were needed to detect such a difference using a one-

sided F test. 

 

Statistical analysis 

Continuous data were presented as mean and standard deviation or median and interquartile interval 

(IQI) depending on data normality, while categorical data were presented as counts and percentages. 

Shapiro-Wilks test was used to assess normality of distributions. 

For each group, the distribution of liver CE was calculated for the whole population and for the four 

subgroups of BMI. Between-groups comparisons were performed using the one-way ANOVA or 

Kruskal-Wallis, depending on the distributions. In particular, the homogeneity of variance or rank 

spread (the non-parametric equivalent of the variance) of liver CE was verified using the non-

parametric Levene’s test. Categorical variables were compared using the 2 test. The anatomical 

structures other than the liver underwent to exploratory analysis only. 

As a total of 22 statistical tests are carried out for comparing the two groups, the Bonferroni correction 

was used. Thus, the threshold for significance was set to 0.05/22=0.002. Statistical analysis was 

carried out using SPSS Statistics (SPSS v.24, IBM Inc., Armonk, NY, USA). 

Pearson’s or Spearman’s correlation coefficient was calculated for adjusted liver CE depending on 

normality distribution.  
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Results LBW randomized controlled trial 

Flowchart 

A total of 335 patients were enrolled from October, 2017 to October, 2018. Seventeen patients were 

excluded from randomization due to screening failure: 10 as they declared known liver diseases 

only after the informed consent signature, while 7 did not perform the CT (n = 3) or performed only 

an unenhanced CT (n = 4) as per later decision of the radiologist. Thus, 318 patients were 

randomized and allocated to either the LBW group (n = 157) or the TBW group (n = 161). 

Thereafter, 8 patients randomized to the LBW group and 9 randomized to the TBW group were 

drop out as the intended ICM dose was considered too low (n = 10) or too high (n = 7) by the 

radiologist. Thirty patients (16 patients from the LBW group and 14 from the TBW group) were 

excluded from analysis due to unknown diffuse liver disease (steatosis, n = 24; cirrhosis, n = 6) 

discovered only at CT. Thus, statistical analysis was performed on a total of 274 patients, 133 of the 

LBW group and 141 of the TBW group (Figure 3). All distributions were non normal at the 

Shapiro-Wilk test (P < 0.014). Thus, non-parametric statistics were used for all analyses. 
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Figure 3: Flow diagram of the progress through the phases of two groups (enrolment, allocation, 

imaging analysis, and data analysis). 

 

Demographics and baseline characteristics 

The demographics distributions are reported in Table 3. All comparisons were not statistically 

significant after the Bonferroni correction (P ≥ 0.023). The median volume of injected ICM in the 

LBW group (83 mL [69–96]) was also not significantly different (P = 0.907) from that injected in 

the TBW group (82 mL [72–93]). However, the variability (interquartile range) was significantly 

higher in the LBW group compare to the TBW group (28 HU vs 21 HU, P = 0.008). 

The distribution of the pre-contrast liver CT value showed a slightly unbalanced variability 

between the two groups. Although the medians were 56 HU in both groups, the interquartile range 
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in the LBW group was higher than that in the TBW group (10 vs 7 HU), although not statistically 

significant after Bonferroni correction. 

 

Table 3: Patient demographics 

 
TBW group 

(n=141) 

LBW group 

(n=133) 

 P-value for 

medians* 

P-value for 

variances/rank 

spread$ 

Age (years) 70 (61–77) 66 (56–75) 0.023 1.000 

Number of males 80 (57%) 73 (55%) 0.758 - 

TBW (kg) 68 (60–77) 69 (60–77) 0.999 0.985 

Height (cm) 165 (160–174) 165 (160–175) 0.893 0.928 

LBW (kg) 50 (42–58) 50 (42–58) 0.995 0.284 

BMI (kg/m2) 24 (22–28) 25 (22–27) 0.777 0.393 

*All comparisons performed using the Mann-Whitney U test, except for sex (2 test). $ Non-

parametric Levene’s test. 

TBW = total body weight; LBW = lean body weight; BMI = body mass index. 

 

Primary and secondary endpoints 

The median liver CE was 40 (35–46) HU in the LBW group and 40 (35–44) HU in the TBW group, 

with the comparison being not significant for both the median (P = 0.411) and the rank spread (P = 

0.230).  

Medians and IQI of CT value and CE in the liver, aorta, and spleen for each contrast phase are 

summarized in Table 4. After Bonferroni correction, there was no significant difference between 

the two groups for both medians (P ≥ 0.289) and rank spread (P ≥ 0.013). 

  



33 
 

Table 4: Distribution of CT value and contrast-enhancement measured in the anatomical 

structures analyzed in the study 

Anatomical 

structure 

TBW group 

(n=141) 

LBW group 

(n=133) 

P-value for 

medians* 

P-value for 

variances/rank 

spread$ 

Liver PC (HU) 56 (53–60) 56 (51–61) 0.905 0.015 

Liver AP (HU) 74 (67–81) 73 (65–80) 0.459 0.397 

Liver VP (HU) 97 (91–102) 97 (90–105) 0.430 0.013 

Liver CE (HU) 40 (35–44) 40 (35–46) 0.411 0.230 

     

Aorta PC (HU) 43 (40–45) 43 (40–45) 0.466 0.722 

Aorta AP (HU) 267 (237–305) 273 (238–304) 0.764 0.815 

Aorta VP (HU) 125 (116–136) 125 (117–134) 0.946 0.463 

Aorta CE (HU) 83 (73–92) 83 (74–91) 0.767 0.699 

     

Cava VP (HU) 101 (95–110) 104 (95–110) 0.289 0.930 

Porta VP (HU) 128 (118–136) 127 (118–139) 0.874 0.234 

Spleen VP (HU) 92 (87–98) 94 (87–99) 0.592 0.634 

* Mann-Whitney U test; $ Non-parametric Levene’s test. 

HU = Hounsfield unit; PC = Pre-contrast; AP = Arterial phase; VP = Venous phase; CE =contrast 

enhancement. 

 

Considering ALCE (∆HU/g iodine), an inverse strong correlation between ALCE and TBW was 

found in the TBW group (r = -0.712, P < 0.001) with linear regression analysis (Figure 4), while an 

inverse moderate correlation between ALCE and LBW was found in the LBW group (r = -0.546, 

P < 0.001) (Figure 5). 
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Figure 4: Scatter plot showing the relationship between ∆HU/g iodine of the liver in the portal venous 

phase and TBW of the TBW group. Inverse strong correlation exists in the TBW group (r = -0.712, 

P < 0.001) with a linear regression analysis. Regression line is represented with dotted fitting line. 

 

 

Figure 5: Scattergram showing the relationship between ∆HU/g iodine of the liver in the portal 

venous phase and LBW of the LBW group. Inverse moderate correlation exists in the LBW group 

(r = -0.546, P < 0.001) with a linear regression analysis. Regression line is represented with dotted 

fitting line. 
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Suboptimal LCE (<40 HU) was found in 64/133 (48%) patients in the LBW group and 69/141 

(49%) in the TBW group, with no statistically significant difference (P = 0.893). No repeated 

examination was requested for any patient.  

At subgroup analysis, considering BMI categories, no statistically significant differences were 

found in terms of LCE (P > 0.207), as shown in Table 5 and Figure 6.  

 

Table 5: Medians and interquartile intervals of LCE values for subgroups: BMI classes and sex.  

 TBW group (n. 

patients) 

LBW group (n. 

patients) 
Test U Mann-Whitney 

All patients 40 (35–44) (141) 40 (35–46) (133) P = 0.411 

BMI <18.5 kg/m² 36 (34–39) (6) 37 (34–39) (5) P = 0.999 

BMI 18.5-25 kg/m² 40 (35–44) (71) 41 (36–47) (67) P = 0.207 

BMI 25-30 kg/m² 40 (36–44) (47) 39 (36–46) (51) P = 0.921 

BMI >30 kg/m² 39 (35–48) (17) 39 (35–43) (10) P = 0.570 

Males 40 (35–44) (80) 43 (38–48) (73) P = 0.003 

Females 40 (35–46) (61) 37 (34–42) (60) P = 0.034 

TBW = total body weight; LBW = lean body weight; BMI = Body mass index 
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Figure 6: Bar chart representing median LCE values among BMI classes. No statistically significant 

differences were found: BMI <18.5 kg/m²: P = 0.999, BMI 18.5-25 kg/m²: P = 0.207, BMI 25-30 

kg/m²: P = 0.921, BMI >30 kg/m²: P = 0.570. 

 

At subgroup analysis, a significant difference was found between LCE in males: 43 (38–48) 

HU for LBW group and 40 (35–44) HU for the TBW group (P = 0.003), and in females: 37 (34–42) 

HU for LBW group and 40 (35–46) HU for TBW group (P = 0.034), as reported in Table 5. 
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Discussion LBW randomized controlled trial 

This randomized controlled trial showed that dosing ICM using LBW in a general population (no 

athletes) does not reduce LCE variability compared to a TBW-based approach, thus, the initial 

hypothesis was rejected. Considering a negative result as a finding that does not show impact or 

change (47), clinical studies with negative results may not be published as frequently as significant 

studies (48), leading to a publication bias in scientific research (47,49–51). We may assume that if 

we do not publish negative (or nonsignificant) results, then the knowledge that something is 

ineffective (or less effective) will be not communicated to the scientific community. We believe that 

negative data deserve to be published, as long as they highlight a lack of knowledge in a specific topic 

or refute an evidence in order to reach a comprehensive view of a problem or its solution (47). 

The statistically significant difference between TBW and LBW groups in terms of age is 

probably due to a chance and this difference should not have impact on our results. As expected, no 

difference was found in terms of mean of LCE: we retrospectively calculated the equivalent dose for 

LBW group to reach at least the same LCE of the TBW group (46), while a significant difference was 

found for variances.  

Ho et al. (22) and Kondo et al. (25,26) reported that calculation of ICM dose on the basis of 

patient LBW led to increased patient-to-patient uniformity of hepatic parenchymal and vascular 

enhancement (52). The results in the study published by Kondo et al. in 2013 (30) differ from our 

findings. We did not find a significantly different patient-to-patient variability in terms of LCE when 

dosing ICM using LBW instead of TBW. This is probably due to two main causes. First, we used a 

relatively lower dose (0.61 vs 0.71 g iodine/kg of LBW) that could have reduced the effect of LCE 

optimisation. This was a back-calculated equivalent dose based on our experience (46). Of note, no 

supplemental ICM injection was needed due to any enhancement judged to be clinically insufficient. 

Second, our patients are coming from Western populations, with a higher average TBW (69 ± 13 kg, 

mean ± standard deviation) compared to the Asian populations studied by Kondo et al. (55 ± 10 kg) 

(30). 



38 
 

Regarding LCE found in both groups, almost 50% of all patients was under the suboptimal level 

(< 40 HU) suggest by Heiken et al. in 1995 (7), but all examinations were considered diagnostic by 

our team. In the last decade, the capability of detection, as well as the technical components of the 

CT hardware and software improved a lot. So, the “sufficient” LCE should be updated and 

reconsidered in the light of new technologies and new reconstruction algorithms that allow a ICM 

dose reduction. Indeed, as recently demonstrated by Bellesi et al. (53), iterative reconstruction-based 

methods provided a 60% noise reduction and a 70% dose reduction, preserving image quality and 

low-contrast detectability for human radiological evaluation. Moreover, full model-based iterative 

reconstruction (MBIR) can reduce image noise by 58.6% and increased SNR and CNR by 143.6% 

and 165.7%, respectively and using a protocol with 19.3% reduced ICM dose (54). This confirming 

that full MBIR are more effective than others adaptive statistical iterative reconstruction algorithms: 

contrast-to-noise ratio and spatial resolution of full MBIR are significantly higher, and full MBIR at 

low dose levels led to better low-contrast detectability (55).  

With the aforementioned technical improvements, new optimal ICM dosages should be 

adopted, as described by Goshima et al. for the detection of liver metastasis at 80-kVp CT (56). In 

another recent article, Mertens et al. (57) found that body weight-adapted ICM injection protocols 

result in more homogeneous enhancement of the liver parenchyma at 90 kVp in comparison to a fixed 

ICM volume with comparable objective and subjective image quality, whereas overall ICM volume 

can be safely reduced in more than half of patients. Moreover, in a recent paper published by 

Walgraeve et al. (58), an adjusted patient-tailored ICM volume based on body surface area (BSA) 

and heart rate lead to a decrease ICM volumes in women and low to normal BMI patients and to 

achieve more consistent contrast enhancement across different BMI-groups in venous phase 

abdominal CT. On the other side, a report described that none of the tested body size parameters 

among the height, BMI, LBW, TBW or BSA demonstrated any significantly better correlation with 

hepatic parenchymal or aortic enhancement than did TBW (59).  



39 
 

In this context, another most promising area of health innovation is the application of artificial 

intelligence in medical imaging (60). We can speculate that in the next few years computational 

models or algorithms based on patient data could provide a personalised ICM dosage, considering all 

factors involved (61) in order to obtain the highest contrast enhanced images quality, with the lowest 

ICM dose. 

Our contribution was to show that LBW alone is not sufficient to homogenize the variability of 

LCE across different patient morpho-physio characteristics and that also gender is a factor involved 

in determining LCE.  

This RCT has limitations. First, it is a monocentric study. Second, we enrolled patients with 

common morphometric characteristics in our region so that the results are not applicable to different 

populations. Third, we did not evaluate image quality outside contrast-enhancement nor the 

diagnostic capability of the technique, being the study focused on the LCE. Moreover, although 

Hamer et al. (36) defined steatotic hepatitis when liver parenchyma has an average CT values on 

unenhanced images lower than 40 HU, we excluded patients with CT values below 30 HU in the 

unenhanced scan. As a consequence, low grade of steatosis has been presumably included in our 

study population. Moreover, the radiologist who performed the CT could drop patients from the study 

when they acknowledged that the predetermined amount of ICM was improper for that specific case. 

In conclusion, ICM doses based on TBW and LBW lead to a similar LCE with a significantly 

larger variation for LBW group, thus negating the study hypothesis and highlighting the knowledge 

gap about factors affecting LCE. Tailoring ICM dose on LBW lead to a higher LCE variability, 

assuming that others physiological factors are involved in LCE. Radiologists probably need a model 

of LCE (and in genera body parenchymal organs) taking into consideration at least TBW, LBW, 

gender, BSA, and cardiac output. A work for the future. 
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3. Technique, protocols, and adverse reactions for contrast-enhanced spectral 

mammography (CESM): a systematic review 

 

Introduction CESM systematic review 

Between the 1960s and 1970s, randomized controlled trials proved that screen-film mammography 

is a tool for breast cancer screening that yields to reduced breast cancer mortality (62). Since early 

2000s, screen-film mammography was progressively replaced by digital mammography (DM), which 

improved performance especially in women under 50 and in case of dense breasts, even though 

providing an intrinsically inferior spatial resolution (63). In the last two decades, digital breast 

tomosynthesis granted substantial further improvements (64,65), increasing cancer detection rate and 

reducing the recall rate (66). 

Contrast-enhanced mammography is the combination of x-ray mammography with the 

intravenous administration of ICM (67). It was first attempted using a digital subtraction technique 

(68–70), but this approach was soon abandoned due to difficulties in co-registration of unenhanced 

and contrast-enhanced images (71,72). In the last two decades, contrast-enhanced spectral 

mammography (CESM) has been introduced, based on dual-energy breast exposure (about 26–33 

kVp and 44–50 kVp) after contrast administration (71,73). CESM allows for the visualization of 

enhancing findings over the normal unenhancing breast tissue, exploiting the increased contrast 

uptake of malignancies (67,71,74). 

Original studies have investigated the use of CESM in a number of settings, such as evaluation 

of symptomatic women (75–78), screening recalls (79,80), local staging (81–90), pre- and post-

operative evaluations (81,82,91–94), and neoadjuvant chemotherapy response monitoring (95–98). 

In 2016, a first meta-analysis on CESM described a high pooled sensitivity (98%) albeit with a 

relatively low specificity (58%) (99), the latter due to the paucity of studies, partly burdened by 

inexperience. A more recent meta-analysis (100) reported globally satisfying data for CESM pooled 
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sensitivity (89%) and specificity (84%), proposing it as an alternative to contrast-enhanced MRI and 

even suggesting CESM as a “useful triage test for initial breast lesions assessment” (99).  

A time delay between the first appearance of new imaging techniques and their implementation 

in diagnostic routine is expected for many reasons, including not only the definition of indications 

but also the reproducibility of results. The latter is strongly influenced by technique details, such as 

– in the field of contrast-enhanced breast imaging – contrast medium concentration, dose and injection 

rate, breast compression and positioning, exposure parameters, and acquisition protocol. Indeed, the 

fact that CESM is variably performed across different centres, without an agreed and standardized 

technique, does not come as a surprise: this circumstance echoes the one observed for contrast-

enhanced breast MRI in the 1990s, now settled by the publication of detailed international guidelines 

(101–104). 

Therefore, the aim of this work was to review CESM studies, focusing on adopted technique, 

contrast medium issues, and acquisition workflow. This effort is crucial for future CESM 

investigations to be reproducible and comparable.   

  



42 
 

Materials and methods CESM systematic review 

Study Protocol 

No ethics committee approval was needed for this systematic review. The study protocol was 

registered on PROSPERO (https://www.crd.york.ac.uk/prospero/), the international prospective 

register of systematic reviews (105). This systematic review and meta-analysis was reported 

according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) 

statement (106). 

 

Search Strategy and Eligibility Criteria 

In February 2019, a systematic search was performed using MEDLINE (PubMed, 

www.pubmed.gov), EMBASE (Elsevier) and the Cochrane Library (Cochrane Database of 

Systematic Reviews, Cochrane Central Register of Controlled Trials for articles that reported or may 

have reported CESM technique. A controlled vocabulary (medical subject headings in PubMed and 

EMBASE thesaurus keywords in EMBASE) was used. The search string was: (cesm OR 'contrast 

enhanced spectral mammography'/exp OR 'dual energy mammography' OR 'contrast enhanced digital 

mammography'/exp OR 'contrast-enhanced mammography' OR 'dual-energy subtraction 

mammography' OR cedm OR cedsm OR 'contrast enhanced spectral imaging' OR 'high energy and 

low energy digital mammography') AND ('procedures'/exp OR 'method' OR 'methods' OR 'procedure' 

OR 'procedures' OR 'technique' OR 'acquisition'/exp OR 'contrast medium'/exp OR 'contrast agent' 

OR 'contrast dye' OR 'contrast material' OR 'contrast media' OR 'contrast medium' OR 'radiocontrast 

medium' OR 'radiography contrast medium' OR 'roentgen contrast medium' OR 'image 

processing'/exp OR 'image processing' OR 'image processing, computer-assisted' OR 'processing, 

image'). 

The search was limited to original studies on humans published in English, French, and Spanish 

on peer-reviewed journals, with an available abstract. No publication date limits were applied. 

Screening was performed by two independent readers (A.C. and M.Z., with 1- and 3-year experience 
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in breast imaging, respectively) based only on title and abstract. Eligible articles were those that 

reported in the title or in the abstract the use of CESM technique or that could have contained these 

data in the manuscript. After downloading eligible articles, the full text was read for a complete 

assessment. Finally, references of included articles were hand-searched to check for further eligible 

studies. 

 

Data extraction 

Data extraction was performed independently by the same two readers who performed the literature 

search. Disagreements were settled by consensus. For each analysed article, year of publication, 

institution (such as hospitals, imaging facilities, breast units including radiology sections, or any other 

type of centre in which CESM is performed) and country origin as well as research groups, design, 

number of patients, and demographics were retrieved. Mammography unit, vendor, radiation dose 

and technical features such as low- and high-energy kVp, anode/filter combinations and exposure 

parameters were also extracted. Moreover, contrast medium type, dose and concentration were 

retrieved, as well as injection modality, if manual or automated, flow rate and additional post-contrast 

saline flush or “bolus chaser” if present. Furthermore, mild, moderate or severe adverse reactions to 

ICMs were extracted alongside strategies for their prevention. Regarding the acquisition protocol, 

time between contrast injection and first image acquisition and maximum examination duration were 

extracted. Regarding the order of views, we reported the acquisition sequence of the standard 

mammographic projections considering the craniocaudal (CC) and the mediolateral oblique (MLO) 

views, including the first side acquired. Missing data were requested to authors. 

 

Evidence synthesis 

To avoid risk of data duplication bias, in case of articles published by the same research group, we 

considered the possibility of performing subgroup analysis: therefore, before delving into further 

analysis of protocol description, we chose to change our viewpoint from the number of articles 
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reporting a specific protocol to the minimum number of times a protocol was reported by a single 

research group. 

Regarding the pooled rate of adverse reactions related to ICM administration across studies, 

statistical analysis was performed using Comprehensive Meta-Analysis v2.2.057 (Biostat, 

Englewood, NJ, USA) using the meta-analysis model “Number of events and study population”. I2 

statistics was first calculated to assess heterogeneity and the fixed-effect model was used to provide 

the rate of adverse reactions and 95% of confidence intervals (CI). The risk of publication bias was 

assessed by visually inspecting funnel plot and performing the Egger test (107).  
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Results CESM systematic review 

Literature search and characteristics of the analysed studies 

A flowchart of study selection is shown in Figure 7.  

 

Figure 7: Flowchart of the study selection and exclusion for articles on contrast-enhanced spectral 

mammography. From Zanardo et al. Insight into Imaging. 2019 

 

Of 120 retrieved articles, 84 (70%), published between 09/2003 and 01/2019, were analysed 

(68,69,80–89,70,90–98,108,71,109–118,74,119–128,75,129–138,76,139–148,77,149–158,78,159–

162,79); 40/84 (48%) being retrospective and 44/84 (52%) prospective (39/44 monocentric, 89%, and 

5/44 multicentric, 11%); 54/84 (64%) articles investigated CESM diagnostic performance, whereas 
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30/84 (36%) focused on technical features. The geographic distribution of research groups is depicted 

in Figure 8. 

 

Figure 8: Geographic distribution of research groups which published results of clinical applications 

of contrast-enhanced spectral mammography. From very light blue to dark blue, the number of 

groups progressively increases from 1 to 7; grey colour means no publications. From Zanardo et al. 

Insight into Imaging. 2019 

 

Population setting 

Data synthesis is reported in Table 6.  
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Table 6: Main characteristics of the 84 analysed studies. 

Author / year 

Number 

of 

patients 

Contrast 

medium 

type 

Concentration 

(mgI/mL) 

Dose 

(mL/Kg) 

Flow 

rate 

(mL/s) 

Time before 

imaging 

(seconds) 

Total 

exam 

time 

Houben 2019 147 Iopromide 300 1.5 3 120 
 

Barra 2018 33 Iohexol 300 1.5 3 120 B 

Bicchierai 2018 40 Iopromide 370 1.5 3 120 B 

Danala 2018 111 Iohexol 350 1.5 3 120 B 

Deng 2018 141 Iohexol 350 1.5 3 120 B 

Helal 2018 300 Iohexol 300 1.5 3 120 B 

Kim 2018 84 Iohexol 350 1.5 2 120 B 

Klang 2018 953 Iopamidol 370 1.5 3 120 B 

Łuczyńska 2018 82 Iopromide 370 1.5 3 120 B 

Moustafa 2018 160 Iohexol 300 1.5 3 120 B 

Navarro 2018 465 Ioversol 320 1.5 
  

B 

Patel 2018 (01) 65 Iohexol 350 1.5 3 120 A 

Patel 2018 (02) 50 Iohexol 350 1.5 3 120 B 

Patel 2018 (03) 30 Iohexol 350 1.5 3 120 B 

Phillips 2018 45 Iohexol 350 1.5 3 120  

Sorin 2018 611 Iopamidol 370 1.5 3 120 B 

Tohamey 2018 178 Iohexol 300 1.5 3 120 B 

Travieso-Aja 2018 158   1.5 3 120 B 

Xing 2018 235 Iohexol 350 1.5 3 120 B 

Barra 2017 11 Iohexol 300 1-2 3 120 B 

Bhimani 2017 2303 Iopamidol 370 1.5 2 120 B 

Fallenberg 2017 155 Iobitridol 300 1.5 3 120 A 

Gluskin 2017 5 Iohexol 350 1.5 3 150-180 A 

Helal 2017 (01) 98 Iohexol 300 1.5 3 120 B 

Helal 2017 (02) 30 Iohexol 300 1.5  120  

Houben 2017 839 Iopromide 300 1.5 3 120  

Iotti 2017 54 Ioversol 350 1.5  120  

James 2017 173 Iohexol 350 1.5 3 120 A 

Jochelson 2017 309 Iohexol 350 1.5 3 150-180 B 

Knogler 2017 11 Iomeprol 400 2 3.5 90  

Lee-Felker 2017 52 Iohexol 350  3 120 B 

Lewis 2017 208 Iohexol 350 1.5 3 120 B 

Li 2017 48 Iopamidol 370 1.5 1.5-2  B 

Mori 2017 72 Iohexol 300 1.5 3 120  

Patel 2017 (01) 88 Iohexol 350 1.5 3 120 B 

Patel 2017 (02) 410 Iohexol 350 1.5 3 120 B 

Phillips 2017 38 Iohexol 350 1.5 3 120 B 

Richter 2017 118 Iopromide 300 1.5 2-3 120  

Saraya 2017 34 Iohexol 300 1.5 4  C 

Savaridas 2017 66   1.5 3 120 B 

Sogani 2017 278 Iohexol 350 1.5 3 150 A 

Ali-Mucheru 2016 351 Iohexol 350 1.5 3 120 B 

Ambicka 2016 82 Iopromide 370 1.5 3 120 B 

Brandan 2016 18 Ioversol 300  4 60 B 

Cheung 2016 (01) 256 Iohexol 350 1.5 3 120 A 

Cheung 2016 (02) 87 Iohexol 350 1.5 3 120 B 

Kamal 2016 239 Iohexol 300 1.5 3 120 B 

Kariyappa 2016 44 Iomeprol 350 1.5 3 120 B 

Knogler 2016 15 Iomeprol 400 2 3.5 60-90  

Lalji 2016 199 Iopromide 300 1.5 3 120  
Łuczyńska 2016 

(01) 

116 Iopromide 370 1.5 3 120 B 
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Łuczyńska 2016 

(02) 

193 Iopromide 370 1.5 3 120 B 

Tardivel 2016 195 Iobitridol 300 1.5 3 120 B 

Tennant 2016 99       

Tsigginou 2016 216 Iopromide 300 1.5 2-3 120 B 

Wang 2016 68 Iohexol 350 1.5 3 120 A 

Yagil 2016 200 Iopamidol 370 1.5 3 120 B 

Chou 2015 185 Iohexol 300 1.5 2 120 B 

Elsaid 2015 34 Iohexol 300 1.5 3  B 

Hobbs 2015 49 Iohexol 350 1.5 3 120 B 

Kamal 2015 168 Iohexol 300 1.5 3 120 B 

Lobbes 2015 87 Iopromide 300 1.5 3 120  

Łuczyńska 2015 

(01) 

174 Iopromide 370 1.5 3 120 B 

Łuczyńska 2015 

(02) 

102 Iopromide 370 1.5 3 120  

Badr 2014 75 Iohexol 300 1.5  120 B 

Blum 2014 20 Iopamidol 300 1.5 3 120  

Cheung 2014 89 Iohexol 350 1.5 3 120-180 B 

Fallenberg 2014 

(01) 

118 Iobitridol 300 1.5 3 120 B 

Fallenberg 2014 

(02) 

80 Iobitridol 300 1.5 3 120 B 

Francescone 2014 88       

Jeukens 2014 47 Iopromide 300 1.5 3 120  

Lobbes 2014 113 Iopromide 300 1.5 3 120  

Łuczyńska 2014 152 Iopromide 370 1.5 3 120 B 

Mokhtar 2014 60 Iohexol 300 1.5  120 A 

Travieso-Aja 2014 136   1.5 3 120 B 

Hill 2013 98 Iobitridol 300 1.5 3 120 B 

Jochelson 2013 82 Iohexol 350 1.5 3 150-300 B 

Dromain 2012 110 Iobitridol 300 1.5 3 120 A 

Diekmann 2011 70 Iopromide 370 1 4 60/120/180 A 

Dromain 2011 120 Iobitridol 300 1.5 3 120 A 

Dromain 2006 20 Iohexol 300  3 30 B 

Diekmann 2005 21 Iopromide 370 1 4 60/120/180 A 

Jong 2003 22 Iohexol 300   60 B 

Lewin 2003 26 Iohexol 350  4-5 150  

A = total exam time <5 min; B = total exam time between 5 and 10 min; C = total exam time >10 

min. From Zanardo et al. Insight into Imaging. 2019 

 

The number of patients ranged from 5 (122) to 2,303 (74), for a total of 14,012 patients, with 

mean or median age ranging from 45 years (98) to 66 years (81). In 29/84 studies (35%), CESM was 

performed on patients from comprehensive databases of heterogeneous settings, such as pre- or post-

operative evaluation, adjuvant or neoadjuvant chemotherapy response monitoring, equivocal cases at 

conventional imaging, etc. The remaining 55 studies (65%) were individually centred on a unique 

setting. Twenty-seven studies (32%) performed CESM on suspicious cases from conventional 

imaging and screening recalls, 11 studies (13%) in a first-line screening setting, 7 (8%) performed 
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CESM exclusively for known cancer staging, 4 (5%) in a pre-operative setting, 4 (5%) to assess and 

monitor the response to adjuvant chemotherapy, 2 (2%) in a post-operative setting.  

Timing of CESM examination with menstrual cycle was reported only in 18/84 studies (21%). 

In 10/18 (56%) articles it was mentioned but not applied, in 6/18 (33%) it was applied with a 

feasibility window between the 5th and 14th day of menstrual cycle; in 2/18 (11%) CESM was 

synchronously performed with MRI in different phases of menstrual cycle to evaluate and compare 

background parenchymal enhancement. 

 

Technical features and parameters 

In seventy out of 84 studies (83%) different systems from General Electric Healthcare (Chicago, IL, 

USA) were used, all with a prototype or a commercial release of the SenoBright upgrade which is 

required to perform dual-energy contrast-enhanced imaging. Twelve out of 84 articles (14%) reported 

the adoption of Selenia Dimensions mammography unit (Hologic Inc., Marlborough, MA, USA), 

while the remaining 2/84 (3%) studies were conducted with a Siemens Healthineers (Erlangen, 

Germany) mammography system (Mammomat or Mammomat Inspiration).  

The type of ICM used in CESM examinations was not reported in five articles 

(76,82,123,125,134), while in the remaining 79 studies (94%, for total 13,465 patients, 96%) six 

different molecules of were used: Iohexol was the most frequently employed, being used in 42/79 

studies (53%) for a total of 5,049/13,465 patients (37%), followed by Iopromide (18/79 studies, 23%, 

for 2,798/13,465 patients, 21%), while Iobitridol, Iomeprol, Iopamidol, and Ioversol were 

administered in the remaining studies (19/79 studies, 24%, for 5,618/13,465 patients, 42%). Iohexol 

was utilized at a concentration of 350 mg iodine/mL (25/42 studies, 60%, for 3,330/5,049 patients, 

66%) or 300 mg iodine/mL (17/42 studies, 40%, for 1,719/5,049 patients, 34%). Iopromide was also 

administered at two different concentrations: 370 mg iodine/mL (10/18 studies, 56%, for 1,032/2,798 

patients, 37%) and 300 mg iodine/mL (8/18 studies, 44%, for 1,766/2,798 patients, 63%).  
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Of the 69 studies including a specification of the contrast injection modality, 59 (85%) utilized 

an automated power injector (10,584/11,725 patients, 90%) while manual contrast injection was 

carried out in the remaining 10 (15%) (68,70,78,83,86,109,115,132,155,159) for a total 1,141/11,725 

patients, 10%.  

ICM dose, detailed in 77 studies, was fixed at 1.5 mL/kg in 72 (93%) of them for a total of 

13,559/13,687 (99%) patients. ICM flow rate, reported in 76/84 studies (90%), was most frequently 

fixed at 3 mL/s (65/76 studies, 86%); the 11 remaining articles detailed a flow rate ranging from 2 to 

5 mL/s. Thirty-five out of 84 (42%) articles for a total 8,734/14,012 patients (62%) also mentioned 

the use of additional post-contrast saline flush or “bolus chaser”, 19 of them (54%, for a total 

4,477/8,734 patients, 51%) likewise detailing a saline amount ranging from 10 to 30 mL. 

Of 69 studies detailing the kVp of both low- and high-energy acquisitions, all but one (99%) 

acquired low-energy images between 26 and 33.2 kVp, which is the peak kilovoltage threshold of 

iodine, while all 69 acquired high-energy images well above this threshold, i.e. between 44 and 50 

kVp. The anode/filter combination was reported by 42/84 studies and is highly characteristic of the 

given manufacturer. Exposure parameters were unambiguously reported only in one study, whereas 

in 5 early studies they were manually adjusted according to breast thickness and density; other 35 

studies declared an automatic regulation of these parameters performed by the mammography unit. 

Regarding the radiation dose, data were scarcer: even though 45/84 articles (54%) mentioned 

this aspect, 17/45 (31%) did it without exhibiting original information but reporting observations 

from previous studies, therefore restricting the number of studies with new data to 28/84 (33%). Of 

these 28 studies, 19 (68%) provided an average glandular dose (AGD) value, 3 (16%) of them 

calculating it per-patient ranging 1.5–6.9 mGy (69,70,116), 5/19 (26%) per-breast ranging 2.19–7.15 

mGy, and the remaining 11 (58%) reporting a per-view AGD ranging from 0.43 (119) to 2.65 mGy 

(161). A comparison with DM was mentioned in 17 studies: only 1 (6%) documented a dose reduction 

(-2%) for CESM compared to DM (90), while other 16 (94%) reported an increase in AGD ranging 

between 6.2% (145) and 100% (136). However, it is worthwhile to notice that 3 studies specifically 
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contrived to assess CESM radiation doses reporting an AGD increase of 42% (114), 78% (142), and 

80% (118). 

 

Acquisition protocols 

Studies reporting the interval between contrast injection and the first image acquisition were 78 out 

of 84 (93%), for a total 13,244/14,012 patients (95%) and 65 (83%) of them (12,278/13,244 patients, 

93%) had it fixed at 120 seconds.  

Sixty-six out of 84 articles (79%, for a total 11,900/14,012 patients, 85%) gave an indication of 

the acquisition time after contrast injection: in 12/66 (18%, for total 1,381/11,900 patients, 11.6%) 

the exam was completed in less than 5 minutes, in 52/66 (80%, for total of 10,485/11,900 patients, 

88.1%) between 5 and 10 minutes, while in 1/66 (2%, for total 34/11,900 patients, 0.3%) the duration 

exceeded 10 minutes. 

The outline of the image acquisition sequence remains more variable. Ten out of 84 studies 

(12%), accounting for 2,734 patients (19%) did not clearly describe it and did not provide a reference 

to other protocols, while 3/84 (4%, for total 103/14,012 patients, 1%) employed a curtailed and side-

insensitive acquisition sequence. Adherence to standard but unspecified digital mammography 

protocols was declared by 29/84 (34%) studies, for total 3,741/14,012 patients (27%). The other half 

of the articles analysed (42/84, accounting for 7,434/14,012 patients, 53%) unequivocally detailed an 

acquisition sequence. Of these 42 studies, 14 (34%, for total 2.048/7.434 patients, 28%) adopted a 

projection order that was conventionally agreed upon, while the other 28 (66%, accounting for 

5,386/7,434 patients, 72%) based their acquisition sequence on the presence of previous suspect or 

clearly pathologic findings.  

Eighty-four articles came from 36 different research groups. Subgroup analysis according to 

research groups showed that 17 acquisition sequences based on a conventionally agreed projection 

order were executed in 15 research groups. As described in Figure 9, the most common sequence 

description, reported by 6/17 (35%) institutions, was MLO - MLO - CC - CC (in order of acquisition), 
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without any further indication about the first side to be examined (right or left or side with/without 

suspicious lesion or already diagnosed cancer). The second most common sequence (4/17, 24%) was 

CC - CC - MLO - MLO with the first projection standardized on the right side (independently of 

pathology or with suspected pathology). 

 

Figure 9: Graphical summary of conventionally agreed view acquisition orders for contrast-

enhanced spectral mammography: CC craniocaudal view, MLO mediolateral oblique view, L left, R 

right. From Zanardo et al. Insight into Imaging. 2019 

 

Among the 22 acquisition sequences (coming from 20 institutions) centred on the presence of 

previous suspect or clearly pathologic findings, we found substantial variability between different 

orders of acquisition, as shown in Figure 10. However, the most common sequence, adopted by 4/22 

(19%) research groups, was:  

1) CC, suspected side;  

2) CC, non-suspected side;  

3) MLO, suspected side;  

4) MLO, non-suspected side. 
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Figure 10: Graphical summary of pathology-oriented view acquisition orders for contrast-

enhanced spectral mammography: CC craniocaudal view, MLO mediolateral oblique view, S 

suspicious breast, NS not suspicious breast. From Zanardo et al. Insight into Imaging. 2019 

 

Contrast medium adverse reaction rate meta-analysis 

Regarding side effects from contrast administration, 48/84 studies (57%) declared a preventive 

anamnestic screening for previous adverse reactions or general contraindications to ICM 

administration. Pre-examination tests of renal function was mentioned in 39/84 studies (46%). Of 

note, 14/84 studies (29%) reported 30 adverse reactions out of 14,012 patients, of which 26/30 (87%) 

were mild reactions limited to pruritus, hives, “scratchy throat”, or other minor skin flushing that 

resolved promptly even when antihistamines or corticosteroids were not administered. In 3/30 (10%) 

cases (112,116,147), side effects were of moderate importance with nausea and vomiting, widespread 

urticaria resolved only after antihistamines and corticosteroids per os, and dyspnea that equally 

responded to oral antihistamine administration. Only 1/30 (3%) severe adverse reaction, requiring 

“intensive care” but resolved after short time, occurred in 14,012 patients (0.007%) (119). 

Therefore, the number of adverse reactions related to ICM administration ranged from 0, 

reported by 70 (88%) studies, to a maximum number of 6 adverse reactions (75) with a total number 

of 30 adverse reactions, showing no heterogeneity (Q=64, degree of freedom 83, =2.0972, I2=0%, P 
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= 0.931). As shown in the forest plot of Figure 11, using fixed-effect model, the pooled rate of adverse 

reactions across studies was 0.82%, with 0.64% and 1.05% as 95% CI. 
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Figure 11: Forest plot of the 84 analysed articles on contrast-enhanced spectral mammography. No 

heterogeneity was found among studies (I2 = 0%). The last row shows the pooled rate for adverse 
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reactions arising from ICM administration, calculated using the fixed-effect model. From Zanardo 

et al. Insight into Imaging. 2019 

 

Visually inspecting the funnel plot in Figure 12, risk of publication bias was found, as 

confirmed by the Egger test (P = 0.00028). 

 

Figure 12: Funnel plot showing risk of publication bias in articles on contrast-enhanced spectral 

mammography, confirmed by the Egger test (P < 0.001). From Zanardo et al. Insight into Imaging. 

2019 
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Discussion CESM systematic review 

Our systematic review included 84 articles, accounting for 14,012 patients, reporting the use of CESM 

in various settings. The sheer number of studies and, as depicted in Figure 13, their increase in the 

last three years (27 studies between 2003 and December 2015, 57 from January 2016 to January 2019) 

points out a considerable interest in this emerging breast imaging modality. 

 

Figure 13: Graphic showing the number of articles published per year regarding contrast-

enhanced spectral mammography. From Zanardo et al. Insight into Imaging. 2019 

 

A number of narrative reviews (67,100,163–166) favourably outlined CESM future 

perspectives in several clinical settings (e.g., recall work-up, preoperative staging, and monitoring 

the effect of neoadjuvant therapy) as a potential alternative to MRI. 

In the first phase of CESM development, some non-fixed parameters regarding contrast 

medium administration (i.e., contrast medium molecule, concentration, dose, flow rate, and injection 

modality) and some acquisition features (i.e., time between contrast injection and first acquisition, 

kVp ranges for low- and high-energy acquisitions) gained an international agreement. However, in 

the framework of comprehensive optimisation and standardization of CESM, large-scale studies are 

undoubtedly needed to address the knowledge gap concerning the choice of technical parameters. 
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Our data show a consensus (93%) on the choice of 1.5 mL/kg contrast dose administered with 

a 3 mL/s flow rate (74%) and a less extensive agreement on the use of Iohexol (53% of all studies) at 

a concentration of 350 mg iodine/mL (30% of all studies). However, these parameters have probably 

been empirically adopted from CT protocols, as the first investigators plainly stated (68), without any 

other particular explication or justification. No dose-finding studies have been published yet. 

Similarly, the common use of a power contrast injector (87% of all studies, with the remaining 

13% coming from a single research group) is assumed from CT and MRI protocols in which it has 

been demonstrated to be effective in obtaining a stable contrast inflow and bolus shape (167–169). 

Moreover, the use of a power injector allows for the administration of a bolus chaser, reported only 

in 42% of all articles, a technical refinement that has shown good results in CT (170,171). 

Two other points need to be mentioned. The first one is the correlation between menstrual cycle 

phase and CESM, for both background parenchymal enhancement, explored in a few studies 

(71,134,140), and for fluctuations of lesion contrast uptake. Secondly, since CESM is based on a dual 

x-ray exposure, of which the low-energy one has been demonstrated to be equal to standard DM 

(125), an increase in radiation dose is expected. However, while preliminary studies estimated a 

negligible (68) or curtailed AGD increase, studies specifically devised to ascertain CESM effective 

AGD found a substantial AGD increment ranging 42%–80% (114,118,142). While CESM AGDs 

remain under the threshold stated by European guidelines for screening mammography (172), further 

studies are needed to systematically compare AGD between different units and different vendors, an 

aspect which was only preliminary explored (114,142), further studies are needed to investigate 

CESM AGD. 

Furthermore, we remark the absence of standardized protocols. This methodological void, 

especially regarding the acquisition workflow, represents a threat to reproducibility and comparison 

of imaging results. While 98% of all studies reporting the total examination time completed the 

examination before 10 min from contrast administration, and while some studies presented evidence 
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on the irrelevance of the acquisition order (113,123), there are no studies comparing different 

approaches.  

The pooled rate of adverse reactions to ICM administration was 0.82% (0.64%‒1.05% 95% CI) 

with a total of 30 adverse reactions in 14,012 patients, a rate similar to that reported for CT: 0.6% 

(173) in 84,928 adult patients or 0.7% (174) in 29,508 patients (given Iopromide, which is also used 

for CESM). Particularly, considering only severe adverse reactions in CT, Wang et al. (173) reported 

11/84,928 (0.0129%) reactions, as well as Mortelé et al. (174) 4/29,508 (0.0135%). These rates seem 

to be higher than that found in our meta-analysis 1/14,012 (0.007%), a comparison to consider with 

caution due to the nature of rare events such as severe reactions to ICM. One aspect to consider is the 

different profile of patients undergoing CESM compared to those requiring contrast-enhanced CT, 

the former being that of basically “healthy” subjects, the latter implying the possibility of relevant 

disease, including also serious emergency conditions. 

This review has limitations. Patient data are probably shared and duplicate among some studies 

from the same research group. This has been shown to negatively impact on review quality (175,176) 

and could only be prevented via individual patient data sharing (177). However, for technical aspects 

of this systematic review, our choice to evaluate study groups rather than single articles, should have 

mitigated this bias. Conversely, our pooled rate of adverse reactions could be underestimated.  

In conclusion, our review shows that CESM is unevenly performed across different centres, in 

terms of contrast medium type and concentration and order of view acquisition. However, most 

research groups performed CESM using a contrast dose of 1.5 ml/kg, factory-set kVp ranges for low- 

and high-energy acquisitions, beginning image acquisition after 120 s from contrast medium injection 

and completing the examination within 10 minutes. Further studies are needed to investigate the role 

of background parenchymal enhancement and to harvest data that can firmly back up subsequent 

technical guidelines and consensus statements for standardized CESM protocols. 
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SECTION II: GADOLINIUM-BASED CONTRAST AGENT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This section is based on: 

- Zanardo et al. Technique and protocols for cardiothoracic time-resolved contrast-enhanced 

MRA sequences: a systematic review. Under review on Journal of Thoracic Imaging. 
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Introduction 

Gadolinium chelates are widely used as contrast media for MRI. The approved gadolinium-based 

contrast agent (GBCAs) have been considered safe and well tolerated from 1985 up until 2006. 

However, in recent years an association between GBCA administration and the development of 

nephrogenic systemic fibrosis (NSF) has been recognized in patients with severe renal impairment. 

This has led to modifications in clinical practice (178). Newer reports have emerged regarding the 

accumulation of gadolinium in bone, brain, and kidneys of patients who have no renal impairment. 

Evidence about gadolinium accumulation after multiple injections of GBCA does exist since a 

decade, early described in bone using mass spectroscopy on hip specimens taken during hip 

replacement surgery (179). Only in the last three years, gadolinium accumulation become a hot topic, 

especially for intracranial structures. 

First evidence of this deposition in brain were reported by Kanda et al. (180) and Errante et al. 

(181), and later confirmed by different groups (169,180,182–187). Evaluating T1-weighted images 

in some brain structures, these authors found a statistically significant increase in signal intensity after 

repeated GBCA administrations, not only in dentate nucleus, but also in globus pallidus and in other 

brain regions.  

In a recent paper on animal model (169), five different types of GBCAs (both linear and 

macrocyclic) were injected with a very high dose (25 times the standard dose) for 24 consecutive 

days. While increased signal intensity in T1-weighted images was seen for linear GBCAs, no 

difference was described for macrocyclic GBCAs. Some authors questioned about a threshold dose 

of GBCA needed to have a substantial increase in signal intensity, with a minimum number of 4 to 6 

GBCA administrations (187).  

Following a distribution model described by Hirano and Suzuki (188), the distribution of 

GBCAs can be simplified in a three-compartment model, consisting in plasma pool, interstitial fluid 

pool and bone. However, we do not know if gadolinium deposition is associate with deposition of the 

chelate or of the ion, alone or maybe bonded to an endogenous molecule such as calcium carbonate 
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or proteins (189). Despite the attempts to find a deposition mechanism have failed, studies (190,191) 

underline undoubtedly how an amount of gadolinium dissociates from the binding chelates, 

independently from the chemical structure of the GBCA. 

Considering the recent debate on deposition/retention of gadolinium in the brain and other 

tissue (180), and that the Pharmacovigilance and Risk Assessment Committee of the European 

Medicines Agency recommended suspension of marketing authorization for four linear gadolinium 

GBCAs, this PhD section aimed towards a systematically review on technical protocols of time-

resolved sequences, a cardiac MRI applications in which GBCA injection plays a crucial role, 

focusing on GBCA protocols, adopted technical parameters, and acquisition schemes. 
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4. Technique and protocols for cardiothoracic time-resolved contrast-enhanced MRA 

sequences: a systematic review 

 

Introduction TR-MRA systematic review 

Time resolved (TR), contrast-enhanced magnetic resonance angiography (MRA) techniques can be 

used for the assessment of the temporal dynamics of blood flow (192) and offer an alternative method 

to traditional contrast-enhanced techniques for high-quality MRA studies (193). Traditional contrast-

enhanced MRA techniques are obtained acquiring images at a single point in time after GBCA 

injection, while TR-MRA sequences are obtained acquiring a series of images displaying the passage 

of the contrast bolus.  

TR-MRA sequences are mostly known under commercial acronyms such as: TRICKS (Time-

Resolved Imaging of Contrast KineticS) adopted by General Electric; TWIST (Time-resolved 

angiography With Stochastic Trajectories) by Siemens; 4D-TRAK (4D Time-Resolved Angiography 

using Keyhole) or CENTRA (Contrast-Enhanced Timing Robust Angiography) by Philips; TRAQ 

(Time-Resolved AcQuisition) by Hitachi; Freeze Frame by Toshiba (194). 

TR-MRA sequences are most often used to assess the heart and great thoracic vessels, and they 

find one of their main applications in the assessment of congenital heart diseases (CHD), where a 

comprehensive assessment of cardiovascular anatomy is paramount for both interventional planning 

and follow-up (195–198). Nevertheless, TR-MRA sequences are also widely used in different 

anatomical settings such as cerebral perfusion (199,200), spinal vascular disease (201), supra-aortic 

arteries (202), carotids (203), breast vessels (204), peripheral vascular anomalies (205), lower 

extremities (206). Moreover, TR-MRA is a potential tool that may aid successful central venous 

access in challenging patients (207).  

Accurate timing of bolus arrival is not required, and, compared to traditional CE-MRA, reduced 

GBCA doses are required (208,209). Considering the recent debate on deposition/retention of 

gadolinium in the brain and other tissue (180), and that the Pharmacovigilance and Risk Assessment 
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Committee of the European Medicines Agency recommended suspension of marketing authorization 

for four linear gadolinium GBCAs (gadodiamide (Omniscan), gadoversetamide (OptiMARK), 

gadopentetate dimeglumine (Magnevist), and gadobenate dimeglumine (Multihance)) (210), recent 

efforts are aiming towards an attempt to reduce GBCA doses (211,212). Thus, TR-MRA could be 

more promising than traditional CE-MRA in this pursuit. 

Thus, our aim was to review current cardiothoracic applications of TR-MRA sequences, 

focusing on GBCA protocols, adopted technical parameters, and acquisition schemes, to establish the 

range differences between acquisition protocols. This evidence will be of use to support a 

standardised approach to the imaging of vascular structures using a TR-MRA sequences.   
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Materials and methods TR-MRA systematic review 

 

Study protocol 

Institutional ethics approval was not required for this systematic review. The study protocol was 

registered on PROSPERO (https://www.crd.york.ac.uk/prospero/), the international prospective 

register of systematic reviews. The systematic review was reported according to the Preferred 

Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement (106). 

 

Search strategy and eligibility criteria 

In May 2019, a systematic search was performed using PubMed (MEDLINE), EMBASE (Elsevier) 

and the Cochrane Library (Cochrane Database of Systematic Reviews, Cochrane Central Register of 

Controlled Trials) for articles that reported or may have potentially reported the use of TR-MRA 

sequences.  

The search string used on EMBASE was: (twist OR 'twist sequence' OR tricks OR 'time 

resolved imaging of contrast kinetics'/exp OR 'time resolved angiography with stochastic trajectories' 

OR '4d trak' OR '4d time-resolved angiography using keyhole' OR traq OR 'time-resolved 

acquisition') AND ('nuclear magnetic resonance imaging'/exp OR 'mri' OR 'nmr imaging' OR 

'imaging, magnetization transfer' OR 'magnetic resonance imaging' OR 'magnetic resonance 

tomography' OR 'magnetization transfer imaging' OR 'mr imaging' OR 'nuclear magnetic resonance 

imaging' OR 'magnetic resonance angiography'/exp OR 'mr angiography' OR 'mri angiography' OR 

'nmr angiography' OR 'angiography, magnetic resonance' OR 'magnetic resonance angiography' OR 

'nuclear magnetic resonance angiography' OR 'cardiovascular magnetic resonance'/exp OR 'cmr 

(cardiovascular magnetic resonance)' OR 'cardiac mri' OR 'cardiac magnetic resonance' OR 'cardiac 

magnetic resonance imaging' OR 'cardiovascular mri' OR 'cardiovascular magnetic resonance' OR 

'cardiovascular magnetic resonance imaging') AND ('contrast medium'/exp OR 'contrast agent' OR 
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'contrast dye' OR 'contrast material' OR 'contrast media' OR 'contrast medium' OR 'radiocontrast 

medium' OR 'radiography contrast medium' OR 'roentgen contrast medium'). 

The search was limited to original articles, published in English, on peer-reviewed journals, and 

with an available abstract. Studies in vitro or on animal models were excluded. No limits were applied 

to publication date. 

The initial screening of eligible articles was performed by two independent researchers (M.Z. 

and C.B.M. with 3- and 2-year experience in MRI), based solely on title and abstract content. Articles 

were considered eligible when reporting the use of TR-MRA sequences in the title or abstract, or 

when potentially containing such data in the manuscript. After downloading eligible articles, each 

full text was read for a complete assessment. Lastly, references of included articles were manually 

searched to check for further eligible studies. The same researchers who performed the literature 

search extracted all data independently and disagreements were resolved by consensus. 

For each analysed article, year of publication, study design, number of patients and 

cardiovascular pathologies were retrieved. Moreover, magnetic field strength, device vendor, type 

and dose of CA, as well as injection modality, and TR-MRA sequences technical parameters were 

extracted.  

Descriptive statistics were reported for all studies included in this review. 
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Results TR-MRA systematic review 

 

Included studies 

A flowchart of study selection is shown in Figure 14.  

 

Figure 14: Flow chart of the literature study selection. From 117 initially retrieved articles, 16 

were analysed. 
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Of 115 records identified through search query and 2 identified through other sources, 97 were 

excluded from title and abstract screening, and the remaining 20 were downloaded for full 

assessment. Finally, a total of 16 articles met the inclusion criteria (192,193,220–225,207,213–219). 

All included papers were published between 1997 and 2019. Study design was prospective in 

9/16 (56%) articles and retrospective in 7/16 (44%). 

Study population ranged from 5 (220) to 185 (218), with a median number of subjects equal to 

21 and an interquartile range (IQR) of 15–28 subjects, corresponding to a total of 506 enrolled or 

retrospectively selected individuals. A single article retrospectively analysed six healthy volunteers 

(219), while all other included subjects presented with a variety of cardiovascular pathologies: CHD 

or vessel anomalies, coronary artery disease, atrial fibrillation, or lung disease. 

The magnetic field strengths documented were 1.5-T for 13/16 (81%), and 3-T for 3/16 (19%) 

(218,220,222) of the articles. MRI vendors were Siemens in 13/16 (81%) articles, General Electric in 

2/16 (13%) and Philips in 1/16 (6%). The TR-MRA sequences employed were TWIST in 13/16 

articles (81%), TRICKS in 2/16 articles (13%) (217,218), and CENTRA in 1/16 articles (6%) (214). 

The administered CA was gadobutrol (Gadovist) in 6/16 (38%) articles (192,207,216,222–224), 

gadopentetate dimeglumine (Magnevist) in 5/16 articles (31%) (193,213,214,218,220), gadobenate 

dimeglumine (Multihance) in 2/16 articles (13%) (217,219), gadodiamide (Omniscan) in 2/16 articles 

(13%) (215,225), and gadofosveset trisodium (AblavarTM) in 1/16 articles (6%) (221), as shown in 

Figure 15.  
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Figure 15: Bar chart showing gadolinium-based contrast agent used in the 16 analysed articles. 

 

The CA dose was highly variable: several articles (192,215,216,218,222,225) used a fixed CA 

dose ranging from 2 mL (222) to 5 mL (192,216) for gadobutrol (Gadovist) (1.0 M) and ranging from 

5 mL (225) to 12 mL (218) for the remaining CAs (0.5 M), while the other articles 

(193,207,213,214,217,219–221,223,224) utilized a dose based on patient body weight, which ranged 

from 0.02 mmol/kg (219,220) to 0.2 mmol/kg (214). 

The CA was administered at a flow rate ranging from 1 mL/s (214) to 5 mL/s (221), and the 

same flow rate was used for saline flush, administered in volumes ranging between 10 mL (221) to 
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30 mL (215). Across the included literature all source TR-MRA sequences datasets were subtracted 

using an unenhanced contrast “mask” image. 

Detailed information on MRI protocols and sequence parameters are provided in Tables 7 and 

8. 
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Table 7: Main characteristics of MRI protocols of 16 analysed articles.  

 

P: prospective, R: retrospective; CA: contrast agent; TR-MRA: time-resolved magnetic resonance 

angiography; TWIST: Time-resolved angiography With Stochastic Trajectories; TRICKS: Time-

Resolved Imaging of Contrast KineticS; CENTRA: Contrast-Enhanced Timing Robust Angiography. 
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Table 8: Main characteristics of time-resolved MRA sequence parameters of 16 analysed articles.  

 

TR: repetition time; TE: echo time; FA: flip angle; FOV: field of view; GRAPPA: GeneRalized 

Autocalibrating Partial Parallel Acquisition; SENSE: SENSitivity Encoding.  
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Discussion TR-MRA systematic review 

In this systematic review, we investigated the cardiothoracic applications of TR-MRA sequences, 

focusing on technical aspects and contrast medium protocols. 

Upon review of the publications the TR-MRA sequence appeared to not have changed 

substantially over time (Table 8) and the 16 papers dating from 1997 to 2019 reported comparable 

parameters and were deemed appropriate for inclusion. The existing evidence base reflects the 

complexity of this sequence, which is image intensive and has limited clinical application (226,227). 

Its specialized focus is evident in the small patient cohorts reported in the literature (Table 8).  

TR-MRA sequences represent one of the most promising imaging modalities for applications 

in non-invasive vascular imaging, including simultaneous anatomic and functional analysis of many 

vascular pathologies including arterio-venous malformations (228). Moreover, TR-MRA is a 

powerful tool for investigating paediatric and adult CHD, still faring better than non-contrast MRA, 

especially considering the long acquisition times of the latter, which are often poorly compatible with 

imaging younger patients (229,230).  

Data was principally acquired at a magnet field strength of 1.5-T and various factors would 

have influenced this, most likely the fact that cardiac scans at 3-T are susceptible to banding artefacts 

(231). Table 7 identifies the majority of studies were performed as part of a dedicated cardiac 

examination predominantly employing 1.5-T. Whilst literature shows higher signal to noise ratio 

which can translate into higher spatial resolution at 3-T, due to artefact issues during cardiac imaging 

this is less relevant (231–233).  

The systematic review identified a range of contrast mediums employed over time. Approved 

gadolinium-based CAs were considered safe and well tolerated from 1985 up until 2006 (234). 

However, in recent years an association between GBCA administration and the development of 

nephrogenic systemic fibrosis (NSF) has been recognized in patients with severe renal impairment 

(235). This led to modifications in clinical practice (178). Precautionary measures instigated in 2006 

to mitigate against the risk of NSF by restricting the use of linear chelate of GBCA in patients with 
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impaired renal function and using lower doses of macrocyclic chelate GBCAs to achieve diagnostic-

quality studies the incidence of NSF has ceased. The review aligned to the limited use of gadodiamide 

(Omniscan) from 2010 due to its association with development of NSF in patients with reduced renal 

function, as no literature beyond 2009 stated its use (236,237). Five different chelates were identified 

across the included articles as being administered for cardiothoracic TR-MRA, namely: gadobutrol 

(Gadovist), gadopentetate dimeglumine (Magnevist), gadobenate dimeglumine (Multihance), 

gadodiamide (Omniscan), and gadofosveset trisodium (AblavarTM). It is well established that 

concentration and relaxivity of contrast mediums affect image quality in contrast-enhanced MRA 

(238), gadobutrol (Gadovist), the most commonly used contrast medium throughout our review, 6/16 

(38%) (192,207,216,222–224) articles, has a relatively higher T1-relaxivity than gadopentetate 

dimeglumine (Magnevist) and gadodiamide (Omniscan) (239), but lower than that of gadobenate 

dimeglumine (Multihance) and gadofosveset trisodium (AblavarTM) (Table 9) (238,240,241).  

 

Table 9: Main characteristics of gadolinium-based contrast agent used for cardiothoracic applications 

in our review. r1 and r2 relaxivities for included gadolinium-based contrast agents obtained in plasma 

at 37°C at 1.5T (data from Rohrer et al.). Contrast mediums with the larger relaxivities are those with 

higher molecular weights, higher protein bonding, or both.  

 

 

 As stated in the introduction section, in March 2017, mainly due to evidence of brain 

gadolinium deposition in brain tissue, most notably in the dentate nuclei and globus pallidus (242), 

the European Medicines Agency fully suspended the use of gadofosveset trisodium, gadopentetate 

Short 
name 

Generic name 
Trade 
name 

Chemical 
structure 

T1 
Relaxivity 
(L/mmol-

s) at 1.5T 

T2 
Relaxivity 
(L/mmol-

s) at 1.5T 

T1 
Relaxivity 
(L/mmol-

s) at 3T 

T2 
Relaxivity 
(L/mmol-

s) at 3T 

Molarity 
(M) 

Standard 
dose 
(mmol/kg) 

Maximum 
dose 
(mmol/kg) 

Gd-
DO3A-

butrol 

gadobutrol Gadovist 
Macrocyclic 

5.2 6.1 5.0 7.1 1.0 0.1 0.2 

Gd-
DTPA 

gadopentetate 
dimeglumine 

Magnevist 
Linear 

4.1 4.6 3.7 5.2 0.5 0.1 0.2 

Gd-
BOPTA 

gadobenate 
dimeglumine 

Multihance 
Linear 

6.3 8.7 5.5 11.0 0.5 0.1 0.2 

Gd-
DTPA-
BMA 

gadodiamide Omniscan 
Linear 

4.3 5.2 4.0 5.6 0.5 0.1 0.2 

MS-
325 

gadofosveset 
trisodium 

AblavarTM 
Linear 

19 34 9.9 60.0 0.25 0.03 0.05 
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dimeglumine (Magnevist), gadobenate dimeglumine (Multihance) and gadodiamide (Omniscan) 

from the market for safety reasons and only gadobutrol (Gadovist) is actually available on the market 

for cardiothoracic TR-MRA sequences (242). However, considering that CHD patients necessitate 

serial contrast enhanced cardiac MRI as part of their clinical workflow, the several GBCA injections 

may lead to increased risk gadolinium deposits. In this context, it is crucial to reduce and optimise, 

where possible, the GBCA dose, being gadolinium depositions on yet unclear clinical significance 

and unresolved if the gadolinium deposit is dose-dependent (242–244). 

The use of the more concentrated (1.0 M) agent gadobutrol (Gadovist), which also has a slightly 

higher relaxivity, permits the use of half the volume to achieve a comparable dose (245). It has been 

suggested that this lower volume may result in a more well-defined bolus with a sharper peak (246). 

In an animal model, a more compact bolus shape was observed after administration of gadobutrol 

(Gadovist) compared with gadopentetate dimeglumine (Magnevist) in minipigs, while first-pass 

imaging characteristics of gadofosveset trisodium (AblavarTM) and gadobenate dimeglumine 

(Multihance) are equally well suited for first pass TR-MRA at 3-T (247). This was demonstrated in 

MRA, where contrast medium concentration, relaxivity and image-acquisition techniques, play an 

essential role: overall image quality was rated higher in examinations acquired injecting 1.0 M 

gadobutrol (Gadovist) than in those acquired with 0.5 M gadopentetate dimeglumine (Magnevist) 

(248). GBCAs are classified according to their chemical structure (linear or macrocyclic, Table 9) 

and the ionic or nonionic nature of the ligand (189). None of the studies included in our review 

administered gadoterate meglumine (gadoteric acid, Dotarem), although the newly FDA-approved 

macrocyclic GBCA and the high-molar gadobutrol (Gadovist) lead to a comparable image quality 

(249).  

Our review showed a high heterogeneity among studies in terms MRI protocols reflecting the 

different strategies of contrast medium injection modality: fixed dose (2–5 ml for gadobutrol 

(Gadovist) (1.0 M) or 5–12 for other GBCA (0.5 M)) or based on patient body weight (0.02–0.2 

mmol/kg). The 0.02 mmol/kg low dose was adopted by only one research group that published two 
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different studies (219,220). The tenfold reduction in GBCA dose compared with the conventional 

0.1-2 mmol/kg doses is noteworthy and aligns to a number of research studies that have demonstrated 

that administering GBCA based on patient body weight can lead to a reduction of the variability of 

signal intensity (46,250,251). GBCA dose tailoring would be most beneficial in order to avoid both 

administering too high a dose in underweight patients, as it could lead to increased chance of GBCA 

adverse events (252).  

Theoretically, due to the lengthening in T1 times of tissues on 3T scans, it may be viable to 

reduce GBCA dose (253–255). However on the three 3-T studies included, two reported a fixed dose 

of gadobutrol (Gadovist) Wetzl et al. (222) 2 mL (1.0 M) and Speiser et al. (218) 12 mL (0.5 M) of 

gadopentetate dimeglumine (Magnevist), thus a threefold difference in dose was noted between the 

two studies, whilst Rapacchi et al. (220) administered a dose based on patient body weight equal to 

0.02 mmol/kg of gadopentetate dimeglumine (Magnevist). This specifically low dose was however 

used to facilitate a further GBCA dose to acquire a higher resolution MRA sequence. 

Concerning the mechanism of GBCA injection, protocol and flow rate are matters that require 

clarity in studies to facilitate an ability to compare studies. Injection flow rate was found to be 

predominately heterogenous among studies from 1 mL/s (214) to 5 mL/s (193,221). The impact of 

various injection methods was examined in a controlled setting in an animal model experiment (169). 

Budjan et al. (256) who demonstrated that automated injection provided a more defined bolus shape.  

As stated previously literature has identified the value of TR-MRA in imaging CHD patients. 

Vogt et al. (192) and Krishnam et al. (225) demonstrated that TR-MRA yields robust images and 

added diagnostic value through dynamic acquisition in CHD patients or patients with vessel 

anomalies; Rustogi et al. (221) studied patients with atrial fibrillation, and described the role of TR-

MRA for quantitative assessment of pulmonary venous anatomy. Zghaib et al. (193) described how 

TR-MRA offers better overall image quality, pulmonary veins visualization and similarly 

reproducible pulmonary veins measurements compared to traditional CE-MRA, without the 

challenges of proper bolus timing in pre-atrial fibrillation ablation pulmonary venous mapping. 
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Furthermore, Obara-Moszynska et al. (223) showed that cardiac measurements performed on TR-

MRI and echocardiography were comparable in most patients with Turner syndrome. The literature 

indicates that the method of sequence application varies across centres, however no literature exists 

to explain the reason behind this variability and further research is recommended. The TR-MRA 

parameters and the contrast dose could be different if the target of TR-MRA are veins or arteries or 

both. Moreover, even in patients with CHD the anatomy and blood distribution are very different, i.e. 

in patients with single ventricle and Fontan circulation. In a recent paper Sugrue et al. (224) analysed 

21 CHD patients, and demonstrated that a novel subtracted TR-MRA technique improved 

visualization of the pulmonary veins and left atrium compared to the source TR-MRA sequence and 

this indicates further work on the sequence may be valuable in isolating certain anatomical structures 

in these complex patients. The sequence has evolved to be relevant as an interventional option for 

patients requires central line access. TR-MRA enabled successful identification of candidate sites for 

central line access, as well as diagnosing complications of long-term access such as venous 

thrombosis or congenital venous anomalies in complex patients (207). 

A lack of agreement between studies in utilizing either an absolute amount of contrast medium 

or per-kg of body weight dosage was evident. Considering the specialized use of this sequence over 

two decades there appears to be a paucity of published papers which does impact on the ability to 

identify potential trends in TR-MRA protocols. 

Results showed that a variety of different technical approaches were adopted throughout 

different studies, highlighting a lack of standardization and consensus on this technique. In fact, even 

though TR-MRA sequences have been tested for a wide spectrum of indications, optimisation of these 

sequences does not limit to the selection of ideal pulse sequence parameters, but also to the application 

of dedicated contrast medium application protocols. 

In conclusion, cardiothoracic applications of TR-MRA sequences are currently adopted in 

different clinical settings with different technical approaches, mostly due to different GBCA dose and 
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type. Further studies are warranted, in order to establish the appropriate parameters for TR-MRA, 

especially in relation to GBCA protocols. 
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