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Abstract

:

Iodixanol is an iso-osmolar non-ionic dimeric hydrophilic contrast agent with a higher viscosity than the monomeric agents. It is the only Food and Drug Administration (FDA)-approved iso-osmolar agent in the United States, and it is the only contrast agent with an FDA-approved indication for use in cardiac computed tomographic angiography (CCTA), to assist in the diagnostic evaluation of patients with suspected coronary artery disease. In clinical studies, it has been noted to have fewer side effects and similar image quality when compared to low-osmolar contrast media. This can be attributed to the pharmacological properties of iodixanol. These contrast agents are used for coronary computed tomography angiography and cardiac catheterization. In this article, the use, tolerability, and efficacy of iodixanol are reviewed, specifically evaluating the use of CCTA and coronary angiography, including outcome studies, randomized trials, and comparisons to other contrast agents.
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1. Introduction


In the 1890s, Haschek and Lidenthal used a suspension of chalk and zinnober, a mercury compound, to image the vessels in an amputated hand. Since then, there has been immense research in this area, to develop less toxic and more efficacious contrast agents with more attenuation of X-rays [1]. The ideal intravascular contrast medium is water-soluble, stable, biologically inert, isotonic to plasma, selectively excreted, and available at a reasonable cost [2,3].



Water-soluble contrast agents, based on covalently bound iodine, were first made known by Binz and Rath in the 1920s [4,5]. X-rays are easily attenuated by iodine, as the atomic radius of the covalently bound iodine atoms is 133 picometers, which is in the range of X-ray wavelengths (10 to 10,000 picometers). The covalent bonding to a stable, functional group like benzene also reduces the toxicity of free iodide [6]. Iodinated contrast agents (ICAs) have become quintessential to the practice of radiology and medicine overall. It is approximated that about 75 million doses of ICAs are administered worldwide each year and continue to increase with the use of diagnostic modalities [7].



The ICAs are classified as being ionic or non-ionic (based on the presence or absence of a carboxylate side chain) and monomers or dimers (based on the number of benzene rings). Ionic monomeric agents which dissociate into ions in solution have high osmolality and are hypertonic when compared to plasma. Non-ionic contrast media, which do not dissociate into ions in a solution, have lower osmolality and can be isotonic to plasma [7].



Intravenous contrast administration for computed tomography (CT) scanning is the most common use of iodinated contrast agents. Both catheter angiography and cardiac computed tomographic angiography (CCTA) use intravascular iodinated contrast media for arterial opacification and parenchymal enhancement [6]. This article will review the class of ICAs. Iodixanol (GE Healthcare, Marlborough, MA, USA) is an iso-osmolar non-ionic dimeric hydrophilic contrast agent with a higher viscosity than the monomeric agents [6]. It is the only FDA-approved iso-osmolar agent in the United States, and it is the only ICA with an FDA-approved indication for use in CCTA, to assist in the diagnostic evaluation of patients with suspected coronary artery disease. As such, most studies compare low-osmolar agents to iodixanol, allowing this review to use iodixanol as the reference standard.




2. Pharmacological Properties


Iodixanol is a water-soluble iso-osmolar non-ionic dimeric iodinated contrast agent for intravascular administration. Chemically, it is 5,5′-[(2-hydroxy-1,3-propanediyl) bis (acetylamino)]bis[N,N′-bis(2,3-dihydroxypropyl)-2,4,6-triiodo-1,3-benzenedicarboxamide] (Figure 1), with a molecular weight of 1550.20 and iodine content of 49.1%. It has six iodine atoms per molecule, no carboxyl groups, and nine hydroxyl groups evenly distributed around the molecule [8].



Iodixanol has a similar pharmacokinetic profile as other ICAs. Peak serum concentrations are rapidly achieved, followed by an exponential decrease, with almost no detectable levels in 24 h. Iodixanol is distributed only in the extracellular fluid. Mean distribution half-life (0.43 h), elimination half-life (2.18 h), and apparent volume of distribution (0.275 L/kg) are not dose-dependent [3]. Around 97% of the administered dose is excreted without being metabolized through the urine in 24 h, and the rest through feces in 72 h. This changes to 76% of the dose excreted via urine over five days in patients with stable but severely impaired renal function (creatinine clearance < 20 mL/min), due to prolonged elimination half-life. Non-ionic contrast media does not directly affect the glomerular filtration rate. In healthy individuals, iodixanol acts as a diuretic and produces a dose-dependent increase in urine volume [3]. Iodixanol is available as a solution for injection, at concentrations corresponding to 270 and 320 mg of iodine/mL (mg I/mL). It is mixed with sodium and calcium chloride, which renders it an isotonic solution.




3. Image Quality


Higher iodine concentration in the ICA has been attributed to higher mean attenuation in the descending aorta and coronary arteries on CCTA. In a study by Cademitri et al., iodixanol 320 had higher mean attenuation than iohexol (300 mg of iodine/mL) but lower than iohexol (350 mg I/mL), iomeprol (350 mg I/mL), and iomeprol (400 mg I/mL) [9].



Similar results were seen in the study by Honoris et al. [10]. Mean vascular enhancement across all coronary segments was highest in iopamidol (370 mg I/mL), followed by iohexol 350, iodixanol 320, and iodixanol 270, respectively (p < 0.002). Image quality, however, graded on a scale of 1–4, by the consensus of two cardiologists, was highest with iso-osmolar iodixanol 320 and 270 (3.27/4.0) and lowest with low-osmolar iopamidol (3.07), (p = 0.09) [10]. In the IsoCOR trial (Effect of Iso-osmolar Contrast Medium on Coronary Opacification and Heart Rhythm in Coronary CT Angiography), patients undergoing CCTA were randomized to iso-osmolar iodixanol 270 or low-osmolar iopromide 300. There was no statistical difference in coronary enhancement by the two agents (469 HU ± 167 vs. 447 HU ± 166, respectively (p = 0.241)) [11].



The arterial opacification is dependent on the iodine delivery rate, which in turn depends on the rate of contrast injection and concentration of iodine in the contrast medium. To keep a similar level of contrast enhancement (350 HU) during CCTA, iso-osmolar iodixanol 320 needed a higher simulated flow rate (3.90 vs. 3.62 mL/s, p = 0.017) and lower iodine delivery rate (1.34 vs. 1.25 g/s, p = 0.024) when compared with low-osmolar iopromide 370 in the study by Yang et al. [12]. It has also been suggested that the higher viscosity of iodixanol 320 at 37 °C might also result in a more concentrated intravascular flow pattern, which would lead to similar intra-cardiac iodine concentration as that of iohexol [6]. Appropriate pre-heating of iodixanol is of paramount importance to limit the higher viscosity. When adjusted for iodine concentration in the IsoCOR study, the mean bolus size of iodixanol 270 was larger than that of iopromide 300 (76.8 mL ± 11.6 v/s 69.7 mL ± 10.8, respectively; p < 0.001) [13]. Importantly, the voltage used can also affect the attenuation and image quality, with lower kilovolts (<106), demonstrating higher attenuation values than those using 107–120 or higher kilovolts to acquire images. This is true for all contrast types and must be carefully controlled in any comparative study.



Tsai et al. investigated the cardiac enhancement by iohexol 350 and iodixanol 320 on multiple detector computed tomography (MDCT). There was no significant statistical difference between the two agents, though iohexol showed slightly higher enhancement (11.2 HU). However, on the delayed scans, iodixanol had better (7.7 HU) and longer enhancement (p < 0.05) in the left ventricle [13]. As dimers have larger molecule sizes than monomers, there is a slower diffusion rate through the capillary pores during the delayed period, leading to longer-lasting attenuation differences between the coronary arteries and myocardial tissue [13]. Less dilution by influx from the extravascular space is expected with decreased osmolarity. This would also be relevant when choosing contrast agents in patients with compromised renal function [14]. Tsai et al. performed a randomized trial of iodixanol 320 and iohexol 350 in 72 patients undergoing MDCT [13]. They showed that enhancement in the right heart, left heart, coronary arteries, and LV myocardium in the arterial phase showed no statistical difference (p > 0.05) between the two groups. They concluded that iodixanol 320 can provide vascular enhancement in cardiac MDCT that is similar to iohexol 350 [15].



In a prospective multi-center register study with 874 patients by Budoff et al. [16], using cardiac outcomes as the endpoint, the sensitivity of iodixanol-enhanced CCTA was 96.1%, 95.8%, and 94.7% at 1, 6, and 12 months, respectively, with a specificity of 84.5%, 86.6%, and 87.0%, and NPV > 99.0%. Prior trials using iodixanol as the ICA for CCTA have also yielded similar diagnostic accuracy for obstructive coronary artery stenosis, as well as 99% negative predictive value at both the patient and segment levels [17,18]. In a study conducted by Christensen et al., the contrast-to-noise ratio (CNR) was significantly increased for iopamidol 370 versus iodixanol 320 (aortic root, p = 0.021; left main, p = 0.032; left anterior descending, p = 0.033; left circumflex, p = 0.039; and right, p = 0.009) [18]. Choi et al. performed a double-blinded, randomized, and parallel study on 300 consecutive outpatients who underwent outpatient CCTAs to evaluate CAD. The subjects were assigned to receive either iodixanol 320 or iohexol 350. The image quality of each group was not significantly different from each other. The iodixanol group, however, had a higher CNR (p = 0.04) but showed no difference in image noise (p = 0.63) and signal-to-noise ratio (SNR) (p = 0.07) [15]. In a randomized, double-blinded parallel study with 200 patients undergoing elective cardiac angiography, receiving either iodixanol or iohexol, no statistical difference was noted in the angiographic quality between the two groups (p = 0.885) [19]. Similar results were noted in another cardiac angiography study comparing iodixanol and ioxaglate [20].




4. Tolerability and Safety


ICAs differ in their tolerability profiles. Iso-osmolarity and lower iodine content have been proven to be safer and more tolerable in humans [10]. The toxicity of poly-iodinated contrast media is a function of the molecule’s physicochemical properties: notably ionicity, higher osmolality and viscosity, and the chemical interaction of reactive iodine anions with biological sites [12].



4.1. Pain and Discomfort


Pain and discomfort following contrast administration is not only inconvenient for the patient but can also compromise image quality due to motion artifacts produced by the patient’s body movements during imaging. If the motion artifacts are significant enough to render the study non-evaluable, repeating the study would lead to additional contrast and radiation exposure to the patient and increased cost to the healthcare system. In earlier studies by Klow et al. and Hill et al. in patients undergoing invasive cardiac angiography, the patients receiving iodixanol had a significantly lower incidence of moderate to severe discomfort than those receiving iohexol [19,21]. In a more recent study with patients receiving iodixanol or iopamidol for CCTA, there was no difference in the number of patients having moderate to severe symptoms. However, a subgroup analysis of patients > 55 years of age showed lower rates of moderate to severe symptoms in the iodixanol group (8.5% vs. 24.6%, p = 0.01) [22]. In another study, while 27% of patients receiving iodixanol 320 reported pain or warmth, the rate was 13.1% for iodixanol 270, 21.3% for iopamidol, and 16.7% for iohexol (p < 0.05) [10]. When compared to a hyperosmolar agent, an iso-osmolar agent has greater vascular stability in arterioles that supply the skeletal muscles and skin over the extremities.



Hence, there is no activation of vascular endothelium and no vasodilation followed by vasoconstriction. The activation of nociceptors in nerves supplying the neurovascular bundles is also less by iso-osmolar agents. This vascular stability and attenuated nociceptor activation may result in less pain and discomfort when iodixanol is used [12]. A study by Murphy et al. showed that diatrizoate, a high-osmolar agent, had higher pain and discomfort rates than low-osmolar iohexol and ioxaglate, thus proving iodine content was not responsible for adverse effects [23]. Hence, it can be hypothesized that the osmolarity of the ICA is the determinant of pain and discomfort after contrast injection and not viscosity or iodine content.




4.2. Flushing


Flushing is the most common side effect after intravenous contrast injection. Iodixanol 270 had the lowest incidence of flushing (46%; 95% CI 36–56%) in 513 patients undergoing CCTA when compared to iopamidol (78%; 95% CI 59–87%) and iohexol (72%; 95% CI 55–85) (p < 0.001)] [10]. Patients receiving iodixanol had a lower incidence of moderate to severe flushing (3.0% vs. 12.8%, p = 0.005) than iopamidol in another study. The difference was more profound in patients over 55 years of age (8.5% for iodixanol vs. 24.6% iopamidol, p = 0.01) [22].



Other adverse effects reported, but very infrequently with iodixanol, include chest or leg pain, visual disturbance, dizziness, hypotension, vasovagal reaction, headache, nasal symptoms, taste disturbances, coughing, dyspnea, skin reactions, nausea, vomiting, and shivering [3].




4.3. Heart Rate Variability


The patient’s heart rate and its variation play a vital role in cardiac CT imaging due to the limitations in the temporal resolution [24,25,26]. Besides mean heart rate, significant variations in heart rate per minute (due to significant R-R interval variations) also cause misregistration of ECG-gated data, hence causing artifacts in the reconstructed image. These if severe may render the study non-evaluable. Heart rate variability might also potentially increase overall radiation dose, due to longer scan times. Giesler et al. [27] and Hoffmann et al. [28] showed that a multitude of quality measures of CCTA including sensitivity, image quality, and evaluable coronary artery segments was inversely proportional to heart rate. In a CCTA study by Choi et al., median HR change was higher with iohexol when compared to iodixanol (p < 0.001) [15,27,28]. While iodixanol showed more HR variation < 3 beats/min (86% v/s 72%, p = 0.03), HR variability > 4 beats per min was noted more with iohexol (p = 0.003) [15]. In another study, HR variability was lowest for CCTA subjects with iodixanol 320 (2.5 ± 3.0), followed by iodixanol 270 (3.4 ± 5.2), and was highest with iopamidol 370 (4.9 ± 5.8) (p < 0.001) [10]. Studies have shown no difference in heart rate variability between iodixanol and iopidamol in patients undergoing CCTA (p = 0.56) [22], as well as non-gated chest CT angiography (p = 0.72) [29]. No significant difference was seen in the mean deviation of HR in patients undergoing CCTA, receiving iodixanol versus iomeprol (1.4 beats/min v/s 4.4 beats/min, p value not significant). However, the latter group showed a greater number of arrhythmic heartbeats during the scan (p < 0.001) [30]. Ioxaglate has been shown to induce a greater increase in mean heart rate than iodixanol in patients undergoing cardiac angiography and ventriculography (p < 0.05).



Both ioxaglate and iodixanol caused significant QT interval prolongation (p < 0.005), but the changes were more marked with ioxaglate [31]. When compared with iomeprol, no significant differences were seen in terms of mean changes in HR during left coronary arteriography (p = 0.8), right coronary arteriography (p = 0.9), or left ventriculography (p = 0.8) by Schmid et al. [32]. The contrast injection during cardiac catheterization could presumably imply more susceptibility to reflex tachycardia, secondary to direct and nondiluted contrast agent injection, than during left ventriculography. Other factors such as the volume of contrast media used, image acquisition time, and route of administration vary during these procedures which might influence the ICA’s effect on cardiac parameters [33]. This could perhaps explain the results from studies where there was no difference in HR variability during left ventriculography between groups who received iodixanol and other ICAs [20,34,35] (Table 1).





5. Outcomes


5.1. Hemodynamic Changes and Cardiovascular Side Effects


Contrast media have been associated with several cardiovascular adverse effects. Iodixanol had a lesser effect (p < 0.01) on left ventricular end diastolic pressure when compared to ioxaglate, in patients with reduced ejection fraction undergoing ventriculography. Large reductions (>20 mm Hg) in diastolic blood pressure occurred in more iodixanol than iohexol recipients during left coronary angiography (13% v/s 3%, p = 0.025). Although 62% of patients receiving iodixanol had systolic blood pressure reduction > 20 mm Hg, when compared to 49% receiving iohexol, it was not statistically significant (p = 0.07). No differences were noted between the two agents during right coronary angiography or ventriculography [19].



The impact of contrast media with different osmolality on cardiac preload was studied in 90 patients with congestive heart failure (CHF) and chronic kidney disease (CKD), undergoing invasive cardiac angiography with hemodynamic monitoring. The CHF patients were at higher risk when hyperosmolar agents are used, due to the fluid shifts that occur. An increase in extravascular lung water index was seen only when iopromide was used (p < 0.001), but global end-diastolic index and central venous pressure significantly increased in both groups (p < 0.001, respectively). The overall incidence of acute heart failure was more frequently observed in the iopromide than in the iodixanol group (12 v/s 4 events, p = 0.027) [37].



As osmotic pressure was significantly higher in LOCM iopromide than in IOCM iodixanol; the increase in plasma osmolality following LOCM injection could consequently result in an increase in blood volume and cardiac preload.




5.2. Major Adverse Cardiovascular Event (MACE)


In a prospective study conducted by Budoff et al. to assess the safety of iodixanol as a contrast agent for CCTA, the rate of MACE (cardiac death, non-fatal myocardial infarction or unstable angina requiring hospitalization) was 5.7% in patients with a positive CCTA (one or more ≥ 50% stenosis) and 0.1% (1/683) in patients with a negative CCTA (99.9% MACE free survival rate) at 12 months follow-up [16].



In a comparison between iodixanol and ioxaglate for angioplasty, the VIP (Visipaque in Percutaneous Transluminal Coronary Angioplasty) trial investigators did not find any significant difference in MACE neither at 2 days (iodixanol, 4.7%; ioxaglate, 3.9%; p = 0.45, nor between the 2-day and 1-month follow-ups (p = 0.27) in 1141 patients [38]. In the COURT (Contrast Utilization in High-Risk Patients Undergoing PTCA) trial, the in-hospital MACE was 5.4% for iodixanol and 9.5% for ioxaglate (p = 0.027). Total events at 30 days in patients who were randomized to iodixanol were also lower (9.1% vs. 13.2%, p = 0.07) [39]. In the ICON (Ionic versus non-ionic Contrast to prevent worsening nephropathy after angioplasty in chronic kidney disease patients) trial, however, the use of ioxaglate was associated with lower mortality at l year as compared to iodixanol (2.7% v/s 9.1%, p = 0.07) in patients who underwent cardiac catheterization [40]. In a single-center study, patients undergoing percutaneous coronary angioplasty who received iodixanol had more MACE than those who received ioxaglate (4.8% vs. 0.3%, p < 0.005). Although the difference was mainly related to the appearance of thrombus during PCI (6% with iodixanol vs. 0.3% with ioxaglate, p < 0.0001), use of iodixanol was one of the independent predictors of in-hospital MACE (p < 0.001) on multivariate analysis [41]. They concluded that thrombus-related events were more frequent with the iso-osmolar non-ionic dimer iodixanol than with the low-osmolar ionic agent ioxaglate.



In the CONTRAST-AMI (Contrast Media and Nephrotoxicity Following Primary Angioplasty for Acute Myocardial Infarction) trial, no significant difference was found in 1-month MACE in patients who were administered iodixanol and iopromide for the procedure [42]. No significant difference in 1-month major adverse cardiac events was observed (8% in iopromide v/s 6% in iodixanol, p = 0.37).



The largest and most robust trial was the Cardiac Catheterization (VICC) trial, in which 1276 patients were randomized, in a double-blind, U.S. multicenter trial comparing the use of iodixanol to iopamidol during percutaneous coronary intervention (PCI) [43]. The primary outcome of the trial was in-hospital major adverse cardiac events (MACE). All events were adjudicated by a clinical events committee blinded to the contrast used. Patients undergoing PCI using iodixanol had 46.7% lower in-hospital MACE (iopamidol 57/630 events vs. 31/646 in the iodixanol group, p = 0.003), due to lower rates of non-Q MI (7.5% iopamidol vs. 3.4% with iodixanol, p = 0.002). The difference in MI remained significant at 30 days (9.4% vs. 5.3% respectively, p = 0.005).



McCullough et al. reviewed 333,533 inpatient coronary or peripheral angioplasties from 357 hospitals [44]. The overall incidence of major adverse renal and cardiac events (MARCE) was 7.41%. There was a 0.69% absolute risk reduction and a 9.32% relative risk reduction in MARCE rate with iodixanol in comparison to LOCM (iohexol, ioversol, iopamidol, ioxaglate, ioxilan, and iopromide). In comparison with LOCM, the use of iodixanol had a 9% decrease in the overall MARCE rate, a 50% decrease in the renal composite endpoint, a 34% decrease in the risk for AMI, a 38% decrease in the risk for angina, and a 21% decrease in the need for repeat stent implantation [44] (Table 2).



Further larger RCTs in patients undergoing CCTA are warranted to avoid the effect of confounding variables that arise with invasive angiography.




5.3. All-Cause Mortality


In a study conducted by Wang et al. comparing long-term adverse effects between iodixanol and low-osmolar contrast media, patients who received LOCM had comparable all-cause mortality (n = 6992) with iodixanol, after multivariate regression analysis with adjustments completed for confounding variables. However, in CKD patients, the LOCM group had higher mortality rates than the iodixanol cohort (regression adjusted HR 1.80, 95% CI 0.95 to 3.42) [12]. However, in another study by From et al., there was no difference in all-cause mortality or contrast nephropathy that was seen between iodixanol and iohexol [46].




5.4. Contrast-Induced Nephropathy (CIN)


CIN is defined as an acute decline in renal function, expressed as a relative increase in serum creatinine (SCr) concentration of at least 25% or an absolute increase in SCr of 0.5 mg/dL (44.2 mol/L) in the absence of other etiologies [23]. The incidence ranges from 5% in patients with no risk factors to 11–50% in patients with risk factors like renal impairment, congestive heart failure, reduced arterial volume, and use of nephrotoxic medications. Studies have been performed to investigate the nephrotoxic potential of different ICAs [47]. A randomized trial conducted by Chalmers et al. showed that 15% of patients who received iodixanol for angiography had a rise in creatinine of >10% in the week following angiography compared with 31% in the iohexol group (p < 0.05) [48]. Another RCT by Aspelin et al. for the NEPHRIC (Nephrotoxicity in High-Risk Patients Study of Iso-Osmolar and Low-Osmolar Non-Ionic Contrast Media) study group, in high-risk patients with diabetes and serum creatinine concentrations of 1.5–3.5 mg/dL, showed that the mean creatinine concentration change from day 0–7 was 0.07 mg/dL in the iodixanol group and 0.24 mg/dL in the iohexol group (p = 0.003). The incidence of CIN, defined as a peak rise > 0.5 mg/dL, was decreased from 26% to 3%, (p < 0.002) when iodixanol was used. They concluded that iodixanol might have a safer renal profile in high-risk patients than low-osmolar ICAs like iohexol [49].



Similarly, in the Renal Toxicity Evaluation and Comparison Between Visipaque and Hexabrix in Patients with RECOVER (Renal Insufficiency Undergoing Coronary Angiography) study, the nephrotoxicity of iodixanol and ioxaglate was compared as contrast media in patients undergoing coronary angiography. The incidence of CIN was lower with iodixanol (7.9%) than with ioxaglate (17.0%; p = 0.021), with an odds ratio (OR) of CIN of 0.415 (95% CI 0.194 to 0.889) for iodixanol. The incidence of CIN was lower with iodixanol in patients with severe renal failure (p = 0.023) or associated diabetes (p = 0.041) or patients given more volume of contrast media (p = 0.038) [50].



Though the ICON study investigators found no statistically significant difference in AKI rates in the iodixanol group (20%) and ioxaglate group (24.3%), it is noted that the study was underpowered [51]. In a meta-analysis with pooled data from 2727 patients, McCullough et al. concluded that the maximum increase in creatinine within three days post-ICA administration was significantly smaller in the iodixanol group when compared with the LOCM group (0.06 mg/dL vs. 0.10 mg/dL, p < 0.001). This was more remarkable in CKD patients (0.07 mg/dL vs. 0.16 mg/dL, p = 0.004) and CKD combined with DM patients (0.10 mg/dL vs. 0.33 mg/dL, p = 0.003). Contrast-induced nephropathy as defined as an increase in creatinine > 0.50 mg/dL within 3 days of contrast use was less in the iodixanol group than in the LOCM group in all patients (1.4% vs. 3.5%, p < 0.001), in CKD patients (2.8% vs. 8.4%, p = 0.001), and in CKD combined with DM patients (3.5% vs. 15.5%, p = 0.003) [44]. Another meta-analysis with 3129 patients showed that intra-arterial iodixanol significantly reduced the risk of contrast-induced acute kidney injury (CI-AKI) when compared with LOCM (RR = 0.68; 95% CI, 0.50–0.92; Z = 2.47; p = 0.01) [44]. Nie et al. also found that CIN incidence was significantly lower with iodixanol than with iopromide (5.7% vs. 16.7%; p = 0.011) in CKD patients undergoing coronary angiography [52].



No difference in nephrotoxicity was found between iopromide and iodixanol in the DIRECT study [53]. The rate of contrast-induced nephropathy was not statistically different after the intra-arterial administration of iopamidol or iodixanol to high-risk patients, with or without diabetes mellitus, as observed in the CARE (Cardiac Angiography in Renally Impaired Patients) study [54].



When the data of 57,925 patients from the Swedish Coronary Angiography and Angioplasty Registry were compared with the Hospital Discharge Register, clinically significant kidney failure was greatest for patients receiving the iodixanol (1.7%), when compared to ioxaglate (0.8%) (p < 0.001). The odds ratio for renal failure in patients with diabetes or prior renal failure was also higher in patients who received iodixanol (p < 0.01). The risk associated with iohexol was similar to ioxaglate. The rate of patients needing dialysis was also higher in the iodixanol group (2% v/s 1%, p < 0.01) [55]. However, it is likely that the choice of contrast, in a non-randomized sample, could have influenced the outcomes.



Contrast media cause transient endothelium-dependent vasodilation mediated by the release of nitric oxide [56,57]. In the renal blood vessel network, this transient dilation can be followed by sustained vasoconstriction that lasts for several hours, as opposed to peripheral vasoconstriction that lasts for seconds to minutes. In the setting of CKD and DM, there is already a reduction in the renal parenchymal mass and the number of nephrons at baseline. The prolonged vasoconstriction and reduction in blood flow can then impair oxygenation to the medulla, resulting in tubular ischemia. Additionally, the proximal tubular cells are involved in the uptake and release of the ICA in the kidney due to its water solubility. These tubular cells undergo swelling, blebbing, and apoptosis and lead to stasis of the contrast within the kidneys. Also, 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMG Co-A) regulates the production of isoprenoid pyrophosphates, which further play a key role in the proper function of guanosine triphosphate (GTP)-binding protein-mediated endocytosis. The high concentration of contrast within and surrounding renal tubular cells causes direct cellular toxicity. This results in the breakdown of the tubular structures, loss of cell membrane, and removal of material into the urinary tubule (Tamm–Horsfall protein), which leads to more stasis of contrast in the urine, resulting in increased movement of contrast into the tubulointerstitial space, where there is no ready form of clearance. A combination of both ischemic and chemotoxic injury to the proximal tubules triggers tubuloglomerular feedback, which signals the glomerulus to reduce filtration. This results in the rise of the plasma concentration of creatinine, which is seen approximately 24 to 48 h after there has been a significant reduction in filtration [56]. In such high-risk patients, even using the average dose of ICA for routine coronary angiography can cause CI-AKI. There might also be sufficient destruction to some nephrons that recovery might not be possible and fibrosis ensues. In patients with advanced CKD (eGFR < 30 mL·min/1.73 m2), CI-AKI can result in a larger reduction in kidney function, accompanied by azotemia, volume overload, and hyperkalemia. The process culminates in progression to the ESRD [56].



Another mechanism that has been proposed for CIN is embolism. As kidneys get 25% of the cardiac output, micro-embolism could account for CI-AKI. The fact that intravenous administration of ICAs has a lower rate of CI-AKI compared to intra-arterial administration, possibly because there is a greater admixture of contrast in the blood pool before it reaches the kidney and there is a lesser chance of athero-embolism, supports this theory [56]. As iodinated contrast is water soluble, it is amenable to prevention strategies that expand intravascular volume, increase glomerular filtration, and promote tubular flow of urine into collecting ducts, ureters, and bladder [56].




5.5. Hematological SDE


Contrast agents are also known to cause hemolysis and micro-circulation disturbances. The high viscosity of iodixanol causes an insignificant short-term effect on the microcirculation compared to other agents [57]. In a study conducted by Gerk et al., iodixanol did not cause an increase in free hemoglobin, indicating no hemolysis [58]. In vitro studies conducted by Kerl et al. showed that RBC morphology is less affected by iodixanol when compared with LOCM. This was more significant at higher temperatures at which it is administered, thus not affecting the smooth flow of RBCs in the blood vessels [59].




5.6. Neurological SDE


Studies in animals have shown that iodixanol is associated with similar or lesser changes to the blood–brain barrier and neurological function than non-dimeric, non-ionic contrast media, and this is attributed to the hydrophilicity [60].



The primary reason that iodixanol has lower toxicity is that iodexanol is an iso-osmolar, dimeric, non-ionic contrast medium. This lower osmolality and reduced chemotoxicity have generally led to lower osmotic diuresis as compared to those induced by low-osmolar mediums [2,49]. This increased diuresis associated with low-osmolar agents enhances distal sodium delivery, increasing medullary work and potentially inducing hypoxia and volume depletion, with consequent activation of vasoregulatory hormones. This vasoregulatory mechanism difference is likely the cause of increased heart rate variability with low-osmolar agents and potentially the differences in CV outcomes discussed above [42,43,44]. Iodixanol has a lower osmolality and a higher iodine ratio than other non-dimeric contrast media. Furthermore, the presence of hydroxyl groups and the absence of carboxyl groups in iodixanol contribute to reduced toxicity.





6. Cost-Effectiveness


The cost of an ICA is important while making a choice, given the contribution to the healthcare cost burden. The cost-effectiveness of iodixanol is not yet clear. A multitude of factors need to be taken into consideration, including the prognosis and number of survival years of patients for whom the agent is used, the healthcare burden of complications an ICA might cause, the healthcare cost for that country or health system, and more. Pricing also varies by institution, depending on the size of the contract, the number and types of products being purchased and involvement in group purchasing, access to cheaper costs with Federal Supply Purchasing, and other factors.



In a study by Iannazzo et al., a base-case analysis showed that intravenous iodixanol was cost-effective compared with LOCM in the Italian clinical setting of a hospital computed tomography radiology practice [61]. Aspelin et al. found that in patients at high risk for CIN, the mean hospitalization cost per patient was €489, €573, and €393 lower after iodixanol than after iohexol using Swedish, German, and French unit prices, respectively [49]. Another European study used Budget Impact Model (BIM) analysis to assess the financial consequences of CIN risk reduction in patients undergoing coronary angiography. Based on the percentage of patients at risk for CIN, they showed that the introduction of iodixanol would bring a 3-year cumulative net percentage saving on the total hospital budgets between 25% and 33% in Germany, Italy, Poland, and Spain [62].



There have been arguments that if this model based on complication risk is applied to studies which did not prove iodixanol to have a superior safety profile when compared to other ICAs, iodixanol would not be considered cost-effective. Based on pricing, Sharma et al. concluded that the price of iodixanol is higher than the price of low-osmolar contrast media in the USA and hence would cost the hospitals more [63]. Keuffel et al. analyzed the cost-effectiveness in the U.S. using BIM for data derived from the Premier Hospital Data [64]. They took into consideration procedural and contrast media prevalence rates, along with MARCE incidence and episode-related cost data. They estimated 513,882 U.S. inpatient angioplasties and 35,610 MARCE cases annually. They applied a previously estimated relative risk reduction in MARCE associated with iodixanol usage (9.3%) and included the higher cost of iodixanol. The annual budget impact was an estimated savings of $30.71 million aggregated across all U.S. hospitals, $6316 per hospital, or $60 per procedure on switching to an iodixanol-only strategy from a LOCM-only strategy [64].



Anaphylaxis: Life-threatening reactions occur in up to 0.2% of individuals depending on the type of contrast used [65]. With the transition from ionic to non-ionic contrast, the risk and rates of anaphylaxis have dropped considerably. Due to very low prevalence, there are no significant differences in rates of anaphylaxis among different non-ionic contrast agents, whether low osmolar or iso-osmolar.




7. Conclusions


Iodixanol in coronary angiography either via CT or transcatheter provides good diagnostic accuracy [36,45,66,67], has low heart rate variability, and fewer and less severe side effects with excellent prognostic outcomes, even in patients with prior history of CKD and DM. Overall, for clinical practice, iodixanol has proven prognostic benefits with better sensitivity and better tolerability. Hence, it could potentially serve as a better choice for both invasive and non-invasive coronary angiography.







Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


This is a review article and no human subjects information was used. This review article was deemed “not clinical research” and no consent was obtained.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Haschek, E.; Lindenthal, O.T. A contribution to the practical use of the photography according to Röntgen. Wien. Klin. Wochenschr. 1896, 9, 63. [Google Scholar]

	



McClennan, B.L.; Stolberg, H.O. Intravascular contrast media. Ionic versus nonionic: Current status. Radiol. Clin. N. Am. 1991, 29, 437–454. [Google Scholar] [CrossRef] [PubMed]

	



Spencer, C.M.; Goa, K.L. Iodixanol: A review of its pharmacodynamic and pharmacokinetic properties and diagnostic use as an x-ray contrast medium. Drugs 1996, 52, 899–927. [Google Scholar] [CrossRef] [PubMed]

	



Binz-AaR, C. Uberbiochemische Eigenschaften von Derivaten des Pyridins und Chinolins. Biochem. Ztschr. 1928, 203, 218–222. [Google Scholar]

	



Binz, A. The chemistry of uro-selectan. Br. J. Urol. 1930, 2, 348–351. [Google Scholar] [CrossRef]

	



Pasternak, J.J.; Williamson, E.E. Clinical Pharmacology, Uses, and Adverse Reactions of Iodinated Contrast Agents: A Primer for the Non-radiologist. Mayo Clin. Proc. 2012, 87, 390–402. [Google Scholar] [CrossRef]

	



Christensen, J.; Meyer, L.; Hurwitz, L.; Boll, D. Effects of iopamidol-370 versus iodixanol-320 on coronary contrast, branch depiction, and heart rate variability in dual-source coronary MDCT angiography. AJR Am. J. Roentgenol. 2011, 197, W445–W451. [Google Scholar] [CrossRef]

	



Almén, T. Visipaque—A Step Forward: A historical review. Acta Radiol. 2016, 57, e47–e63. [Google Scholar] [CrossRef]

	



Cademartiri, F.; Mollet, N.; van der Lugt, A.; McFadden, E.; Stijnen, T.; de Feyter, P.; Krestin, G. Intravenous contrast material administration at helical 16-detector row CT coronary angiography: Effect of iodine concentration on vascular attenuation. Radiology 2005, 236, 661–665. [Google Scholar] [CrossRef]

	



Honoris, L.; Zhong, Y.; Chu, E.; Rosenthal, D.; Li, D.; Lam, F.; Budoff, M.J. Comparison of contrast enhancement, image quality and tolerability in Coronary CT angiography using 4 contrast agents: A prospective randomized trial. Int. J. Cardiol. 2015, 186, 126–128. [Google Scholar] [CrossRef]

	



Lubbers, M.; Kock, M.; Niezen, A.; Galema, T.; Kofflard, M.; Bruning, T.; Kooij, H.; van Valen, H.; Dijkshoorn, M.; Booij, R.; et al. Iodixanol versus Iopromide at Coronary CT Angiography: Lumen Opacification and Effect on Heart Rhythm-the Randomized IsoCOR Trial. Radiology 2018, 286, 71–80. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Huang, W.; Liu, W.; Zhu, Y.; Xu, Y.; Yang, G.; Tang, L.; Zhu, X. The Influence of Contrast Agent’s Osmolarity on Iodine Delivery Protocol in Coronary Computed Tomography Angiography: Comparison Between Iso-Osmolar Iodixanol-320 and Low-Osmolar Iomeprol-370. J. Comput. Assist. Tomogr. 2018, 42, 62–67. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, I.C.; Lee, T.; Tsai, W.-L.; Chen, M.-C.; Wu, M.-J.; Lee, W.-L.; Ting, H.-J. Contrast enhancement in cardiac MDCT: Comparison of iodixanol 320 versus iohexol 350. AJR Am. J. Roentgenol. 2008, 190, W47–W53. [Google Scholar] [CrossRef] [PubMed]

	



Pannu, H.K.; Thompson, R.E.; Phelps, J.; Magee, C.A.; Fishman, E.K. Optimal contrast agents for vascular imaging on computed tomography: Iodixanol versus iohexol. Acad. Radiol. 2005, 12, 576–584. [Google Scholar] [CrossRef]

	



Choi, T.-Y.; Woo, V.; Gupta, M.; Sourayanezhad, S.; Li, D.; Mao, S.; Budoff, M. Comparison of iodixanol 320 and iohexol 350 in image quality during 64-slice multidetector computed tomography: Prospective randomized study. Int. J. Cardiol. 2012, 158, 134–138. [Google Scholar] [CrossRef]

	



Budoff, M.; Bloom, S.; Chow, B.J.W.; Chandler, A.; Cole, J. Coronary computed tomography angiography predicts subsequent cardiac outcome events: Results of the Visipaque CCTA registry study. Coron. Artery Dis. 2015, 26, 301–307. [Google Scholar] [CrossRef]

	



Budoff, M.; Dowe, D.; Jollis, J.; Gitter, M.; Sutherland, J.; Halamert, E.; Scherer, M.; Bellinger, R.; Martin, A.; Benton, R.; et al. Diagnostic performance of 64-multidetector row coronary computed tomographic angiography for evaluation of coronary artery stenosis in individuals without known coronary artery disease: Results from the prospective multicenter ACCURACY (Assessment by Coronary Computed Tomographic Angiography of Individuals Undergoing Invasive Coronary Angiography) trial. J. Am. Coll. Cardiol. 2008, 52, 1724–1732. [Google Scholar]

	



Budoff, M.; Li, D.; Kazerooni, E.; Thomas, G.; Mieres, J.; Shaw, L. Diagnostic Accuracy of Noninvasive 64-row Computed Tomographic Coronary Angiography (CCTA) Compared with Myocardial Perfusion Imaging (MPI): The PICTURE Study, A Prospective Multicenter Trial. Acad. Radiol. 2017, 24, 22–29. [Google Scholar] [CrossRef]

	



Hill, J.A.; Cohen, M.B.; Kou, W.H.; Mancini, G.B.; Mansour, M.; Fountaine, H.; Brinker, J.A. Iodixanol, a new isosmotic nonionic contrast agent compared with iohexol in cardiac angiography. Am. J. Cardiol. 1994, 74, 57–63. [Google Scholar] [CrossRef]

	



Andersen, P.E.; Bolstad, B.; Berg, K.J.; Justesen, P.; Thayssen, P.; Kloster, Y.F. Iodixanol and ioxaglate in cardioangiography: A double-blind randomized phase III study. Clin. Radiol. 1993, 48, 268–272. [Google Scholar] [CrossRef]

	



Kløw, N.E.; Levorstad, K.; Berg, K.J.; Brodahl, U.; Endresen, K.; Kristoffersen, D.T.; Laake, B.; Simonsen, S.; Tofte, A.J.; Lundby, B. Iodixanol in cardioangiography in patients with coronary artery disease. Tolerability, cardiac and renal effects. Acta Radiol. 1993, 34, 72–77. [Google Scholar] [CrossRef] [PubMed]

	



Nakazato, R.; Arsanjani, R.; Shalev, A.; Leipsic, J.; Gransar, H.; Lin, F.; Gomez, M.; Berman, D.; Min, J. Diagnostic Accuracy, Image Quality, and Patient Comfort for Coronary CT Angiography Performed Using Iso-Osmolar versus Low-Osmolar Iodinated Contrast: A Prospective International Multicenter Randomized Controlled Trial. Acad. Radiol. 2016, 23, 743–751. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, S.W.; Barrett, B.J.; Parfrey, P.S. Contrast nephropathy. J. Am. Soc. Nephrol. 2000, 11, 177–182. [Google Scholar] [CrossRef] [PubMed]

	



Lu, B.; Mao, S.S.; Zhuang, N.; Bakhsheshi, H.; Yamamoto, H.; Takasu, J.; Liu, S.C.; Budoff, M.J. Coronary artery motion during the cardiac cycle and optimal ECG triggering for coronary artery imaging. Investig. Radiol. 2001, 36, 250–256. [Google Scholar] [CrossRef] [PubMed]

	



Lu, B.; Zhuang, N.; Mao, S.S.; Child, J.; Carson, S.; Budoff, M.J. Baseline heart rate-adjusted electrocardiographic triggering for coronary artery electron-beam CT angiography. Radiology 2004, 233, 590–595. [Google Scholar] [CrossRef]

	



Flohr, T.G.; McCollough, C.H.; Bruder, H.; Petersilka, M.; Gruber, K.; Süss, C.; Grasruck, M.; Stierstorfer, K.; Krauss, B.; Raupach, R.; et al. First performance evaluation of a dual-source CT (DSCT) system. Eur. Radiol. 2006, 16, 256–268. [Google Scholar] [CrossRef]

	



Giesler, T.; Baum, U.; Ropers, D.; Ulzheimer, S.; Wenkel, E.; Mennicke, M.; Bautz, W.; Kalender, W.A.; Daniel, W.G.; Achenbach, S. Noninvasive visualization of coronary arteries using contrast-enhanced multidetector CT: Influence of heart rate on image quality and stenosis detection. AJR Am. J. Roentgenol. 2002, 179, 911–916. [Google Scholar] [CrossRef]

	



Hoffmann, M.H.; Shi, H.; Manzke, R.; Schmid, F.T.; De Vries, L.; Grass, M.; Brambs, H.J.; Aschoff, A.J. Noninvasive coronary angiography with 16-detector row CT: Effect of heart rate. Radiology 2005, 234, 86–97. [Google Scholar] [CrossRef]

	



Chartrand Lefebvre, C.; White, C.; Bhalla, S.; Mayo Smith, W.; Prenovault, J.; Vydareny, K.; Soto, J.; Ozkan, O.; Chughtai, A.; Soulez, G. Comparison of the effect of low- and iso-osmolar contrast agents on heart rate during chest CT angiography: Results of a prospective randomized multicenter study. Radiology 2011, 258, 930–937. [Google Scholar] [CrossRef]

	



Svensson, A.; Ripsweden, J.; Rück, A.; Aspelin, P.; Cederlund, K.; Brismar, B.T. Heart rate variability and heat sensation during CT coronary angiography: Low-osmolar versus iso-osmolar contrast media. Acta Radiol. 2010, 51, 722–726. [Google Scholar] [CrossRef]

	



Roriz, R.; de Gevigney, G.; Finet, G.; Nantois-Collet, C.; Borch, K.W.; Amiel, M.; Beaune, J. Comparison of iodixanol (Visipaque) and ioxaglate (Hexabrix) in coronary angiography and ventriculography: A double-blind randomized study. J. Radiol. 1999, 80, 727–732. [Google Scholar] [PubMed]

	



Schmid, I.; Didier, D.; Pfammatter, T.; Garachemani, A.; Fleisch, M.; Kirchin, M.; Meier, B. Effects of non-ionic iodinated contrast media on patient heart rate and pressures during intra-cardiac or intra-arterial injection. Int. J. Cardiol. 2007, 118, 389–396. [Google Scholar] [CrossRef]

	



Tveit, K.; Bolz, K.D.; Bolstad, B.; Haugland, T.; Berg, K.J.; Skjaerpe, T.; Kloster, Y.F. Iodixanol in cardioangiography. A double-blind parallel comparison between iodixanol 320 mg I/mL and ioxaglate 320 mg I/mL. Acta Radiol. 1994, 35, 614–618. [Google Scholar] [CrossRef] [PubMed]

	



Juergens, C.P.; Winter, J.P.; Nguyen-Do, P.; Lo, S.; French, J.K.; Hallani, H.; Fernandes, C.; Jepson, N.; Leung, D.Y.C. Nephrotoxic effects of iodixanol and iopromide in patients with abnormal renal function receiving N-acetylcysteine and hydration before coronary angiography and intervention: A randomized trial. Intern. Med. J. 2008, 39, 25–31. [Google Scholar] [CrossRef]

	



Bergstra, A.; van Dijk, R.B.; Brekke, O.; Buurma, A.E.; Orozco, L.; den Heijer, P.; Crijns, H.J. Hemodynamic effects of iodixanol and iohexol during ventriculography in patients with compromised left ventricular function. Catheter. Cardiovasc. Interv. 2000, 50, 314–321. [Google Scholar] [CrossRef]

	



Xiao, Y.; Zeng, G.; Liu, X.; Peng, C.; Lai, C.; Zhou, P. Safety enhancement in adult body computed tomography scanning: Comparison of iodixanol versus iohexol. Springerplus 2016, 5, 148. [Google Scholar] [CrossRef]

	



Qian, G.; Yang, Y.-Q.; Dong, W.; Cao, F.; Chen, Y.-D. Comparison of Iodixanol and Iopromide in Patients with Renal Insufficiency and Congestive Heart Failure Undergoing Coronary Angiography by Hemodynamic Monitoring. Angiology 2017, 68, 907–913. [Google Scholar] [CrossRef]

	



Bertrand, M.E.; Esplugas, E.; Piessens, J.; Rasch, W. Influence of a nonionic, iso-osmolar contrast medium (iodixanol) versus an ionic, low-osmolar contrast medium (ioxaglate) on major adverse cardiac events in patients undergoing percutaneous transluminal coronary angioplasty: A multicenter, randomized, double-blind study. Visipaque in Percutaneous Transluminal Coronary Angioplasty [VIP] Trial Investigators. Circulation 2000, 101, 131–136. [Google Scholar]

	



Davidson, C.J.; Laskey, W.K.; Hermiller, J.B.; Harrison, J.K.; Matthai, W.; Vlietstra, R.E.; Brinker, J.A.; Kereiakes, D.J.; Muhlestein, J.B.; Lansky, A.; et al. Randomized trial of contrast media utilization in high-risk PTCA: The COURT trial. Circulation 2000, 101, 2172–2177. [Google Scholar] [CrossRef]

	



Giustino, G.; Baber, U.; Mastoris, I.; Vlachojannis, G.; Yu, J.; Teirstein, P.; Downey, W.; Batchelor, W.; Casterella, P.; Nikolsky, E.; et al. One-year results of the ICON (Ionic versus non-ionic Contrast to Obviate worsening Nephropathy after angioplasty in chronic renal failure patients) Study. Catheter. Cardiovasc. Interv. 2016, 87, 703–709. [Google Scholar] [CrossRef]

	



Le Feuvre, C.; Batisse, A.; Collet, J.P.; Batisse, J.P.; Choussat, R.; Beygui, F.; Helft, G.; Montalescot, G.; Metzger, J.P. Cardiac events after low osmolar ionic or isosmolar nonionic contrast media utilization in the current era of coronary angioplasty. Catheter. Cardiovasc. Interv. 2006, 67, 852–858. [Google Scholar] [CrossRef] [PubMed]

	



Bolognese, L.; Falsini, G.; Schwenke, C.; Grotti, S.; Limbruno, U.; Liistro, F.; Carrera, A.; Angioli, P.; Picchi, A.; Ducci, K.; et al. Impact of iso-osmolar versus low-osmolar contrast agents on contrast-induced nephropathy and tissue reperfusion in unselected patients with ST-segment elevation myocardial infarction undergoing primary percutaneous coronary intervention (from the Contrast Media and Nephrotoxicity Following Primary Angioplasty for Acute Myocardial Infarction [CONTRAST-AMI] Trial). Am. J. Cardiol. 2012, 109, 67–74. [Google Scholar] [PubMed]

	



Harrison, J.B.H.; Vetrovec, G.W.; Smith, J.E.; Pulsipher, M.W.; Kern, M.J.; Conn, E.H.; Navetta, F.I.; She, L.; Pieper, K.; Sketch, M.H.; et al. A Randomized Study of 1276 Patients Undergoing PCI Using Iodixanol (Visipaque) vs Iopamidol (Isovue); Comparison of In-Hospital and 30 Day Major Adverse Cardiac Events. The Results of the VICC Trial. Circulation 2003, 108, 354–355. [Google Scholar]

	



McCullough, P.; Bertrand, M.; Brinker, J.; Stacul, F. A meta-analysis of the renal safety of isosmolar iodixanol compared with low-osmolar contrast media. J. Am. Coll. Cardiol. 2006, 48, 692–699. [Google Scholar] [CrossRef] [PubMed]

	



Song, T.; Song, M.; Ge, Z.; Li, Y.; Shi, P.; Sun, M. Comparison of the nephrotoxic effects of iodixanol versus iohexol in patients with chronic heart failure undergoing coronary angiography or angioplasty. J. Interv. Cardiol. 2017, 30, 281–285. [Google Scholar] [CrossRef] [PubMed]

	



From, A.M.; Bartholmai, B.J.; Williams, A.W.; McDonald, F.S. Iodixanol compared to iohexol for contrast procedures: A case-matched retrospective cohort study. Acta Radiol. 2008, 49, 409–414. [Google Scholar] [CrossRef] [PubMed]

	



Rudnick, M.R.; Goldfarb, S.; Wexler, L.; Ludbrook, P.A.; Murphy, M.J.; Halpern, E.F.; Hill, J.A.; Winniford, M.; Cohen, M.B.; VanFossen, D.B. Nephrotoxicity of ionic and nonionic contrast media in 1196 patients: A randomized trial. The Iohexol Cooperative Study. Kidney Int. 1995, 47, 254–261. [Google Scholar] [CrossRef]

	



Chalmers, N.; Jackson, R.W. Comparison of iodixanol and iohexol in renal impairment. Br. J. Radiol. 1999, 72, 701–703. [Google Scholar] [CrossRef]

	



Aspelin, P.; Aubry, P.; Fransson, S.-G.; Strasser, R.; Willenbrock, R.; Berg, K. Nephrotoxic effects in high-risk patients undergoing angiography. N. Engl. J. Med. 2003, 348, 491–499. [Google Scholar] [CrossRef]

	



Jo, S.-H.; Youn, T.-J.; Koo, B.-K.; Park, J.-S.; Kang, H.-J.; Cho, Y.-S.; Chung, W.-Y.; Joo, G.-W.; Chae, I.-H.; Choi, D.-J.; et al. Renal toxicity evaluation and comparison between visipaque (iodixanol) and hexabrix (ioxaglate) in patients with renal insufficiency undergoing coronary angiography: The RECOVER study: A randomized controlled trial. J. Am. Coll. Cardiol. 2006, 48, 924–930. [Google Scholar] [CrossRef]

	



Mehran, R.; Nikolsky, E.; Kirtane, A.J.; Caixeta, A.; Wong, S.C.; Teirstein, P.S.; Downey, W.E.; Batchelor, W.B.; Casterella, P.J.; Kim, Y.H.; et al. Ionic low-osmolar versus nonionic iso-osmolar contrast media to obviate worsening nephropathy after angioplasty in chronic renal failure patients: The ICON (Ionic versus non-ionic Contrast to Obviate worsening Nephropathy after angioplasty in chronic renal failure patients) study. JACC Cardiovasc. Interv. 2009, 2, 415–421. [Google Scholar] [PubMed]

	



Nie, B.; Cheng, W.-J.; Li, Y.-F.; Cao, Z.; Yang, Q.; Zhao, Y.-X.; Guo, Y.-H.; Zhou, Y.-J. A prospective, double-blind, randomized, controlled trial on the efficacy and cardiorenal safety of iodixanol vs. iopromide in patients with chronic kidney disease undergoing coronary angiography with or without percutaneous coronary intervention. Catheter. Cardiovasc. Interv. 2008, 72, 958–965. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Hu, S.; Liu, Y.; Zhao, R.; Wang, L.; Fu, G.; He, Q.; Su, X.; Zheng, Y.; Qi, X.; et al. Renal tolerability of iopromide and iodixanol in 562 renally impaired patients undergoing cardiac catheterisation: The DIRECT study. EuroIntervention 2012, 8, 830–838. [Google Scholar] [CrossRef] [PubMed]

	



Solomon, R.J.; Natarajan, M.K.; Doucet, S.; Sharma, S.K.; Staniloae, C.S.; Katholi, R.E.; Gelormini, J.L.; Labinaz, M.; Moreyra, A.E. Cardiac Angiography in Renally Impaired Patients (CARE) study: A randomized double-blind trial of contrast-induced nephropathy in patients with chronic kidney disease. Circulation 2007, 115, 3189–3196. [Google Scholar] [CrossRef] [PubMed]

	



Liss, P.; Persson, P.B.; Hansell, P.; Lagerqvist, B. Renal failure in 57 925 patients undergoing coronary procedures using iso-osmolar or low-osmolar contrast media. Kidney Int. 2006, 70, 1811–1817. [Google Scholar] [CrossRef] [PubMed]

	



McCullough, P.A.; Choi, J.P.; Feghali, G.A.; Schussler, J.M.; Stoler, R.M.; Vallabahn, R.C.; Mehta, A. Contrast-Induced Acute Kidney Injury. J. Am. Coll. Cardiol. 2016, 68, 1465–1473. [Google Scholar] [CrossRef]

	



Matschke, K.; Gerk, U.; Mrowietz, C.; Park, J.W.; Jung, F. Influence of radiographic contrast media on myocardial oxygen tension: A randomized, NaCl-controlled comparative study of iodixanol versus iomeprol in pigs. Acta Radiol. 2007, 48, 292–299. [Google Scholar] [CrossRef]

	



Gerk, U.; Krüger, A.; Franke, R.P.; Jung, F. Effect of radiographic contrast media (Iodixanol, Iopromide) on hemolysis. Clin. Hemorheol. Microcirc. 2014, 58, 171–174. [Google Scholar] [CrossRef]

	



Kerl, J.M.; Nguyen, S.A.; Lazarchick, J.; Powell, J.W.; Oswald, M.W.; Alvi, F.; Costello, P.; Vogl, T.J.; Schoepf, U.J. Iodinated contrast media: Effect of osmolarity and injection temperature on erythrocyte morphology in vitro. Acta Radiol. 2008, 49, 337–343. [Google Scholar] [CrossRef]

	



Aulie Michelet, A. Effects of intravascular contrast media on blood-brain barrier. Comparison between iothalamate, iohexol, iopentol and iodixanol. Acta Radiol. 1987, 28, 329–333. [Google Scholar] [CrossRef]

	



Iannazzo, S.; Vandekerckhove, S.; De Francesco, M.; Nayak, A.; Ronco, C.; Morana, G.; Valentino, M. Economic evaluation of intravenous iodinated contrast media in Italy. Int. J. Technol. Assess. Health Care 2014, 30, 69–77. [Google Scholar] [CrossRef] [PubMed]

	



De Francesco, M.; Ronco, C.; Wacinski, P.; Wessely, R.; Hernández, F.; Lamotte, M. Economic impact of contrast-induced acute kidney injury associated with invasive cardiology: Role of iso-osmolar contrast media in Germany, Italy, Poland, and Spain. J. Med Econ. 2016, 19, 158–168. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, S.K. Iodinated contrast media and contrast-induced nephropathy: Is there a preferred cost-effective agent? J. Invasive Cardiol. 2008, 20, 245–248. [Google Scholar] [PubMed]

	



Keuffel, E.; McCullough, P.A.; Todoran, T.M.; Brilakis, E.S.; Palli, S.R.; Ryan, M.P.; Gunnarsson, C. The effect of major adverse renal cardiovascular event (MARCE) incidence, procedure volume, and unit cost on the hospital savings resulting from contrast media use in inpatient angioplasty. J. Med. Econ. 2018, 21, 356–364. [Google Scholar] [CrossRef] [PubMed]

	



Bottinor, W.; Polkampally, P.; Jovin, I. Adverse Reactions to Iodinated Contrast Media. Int. J. Angiol. 2013, 22, 149–154. [Google Scholar]

	



Buttan, A.K.; Yang, E.H.; Budoff, M.J.; Vorobiof, G. Evaluation of valvular disease by cardiac computed tomography assessment. J. Cardiov. Comp. Tomo 2014, 6, 381–392. [Google Scholar] [CrossRef]

	



Budoff, M.J.; Kalia, N.; Cole, J.; Nakanishi, R.; Nezarat, N.; Thomas, J.L. Diagnostic accuracy of Visipaque enhanced coronary computed tomographic angiography: A prospective multicenter trial. Coron. Artery Dis. 2017, 28, 52–56. [Google Scholar] [CrossRef]








[image: Jcdd 10 00449 g001] 





Figure 1. Chemical structure of iodixanol (Visipaque). 
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Table 1. Major trials of tolerability.
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	Authors
	Randomized
	Number of Patients
	Mean Age
	Contrast
	Endpoints
	Results





	Lily Honoris et al., 2017 [10]
	Yes
	N = 513