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Abstract: Ultra-low contrast percutaneous coronary interventions (ULPCIs) are a novel field of
interventional cardiology, aiming to reduce the risk of contrast-induced nephropathy (CIN), which is a
well-described adverse event after angiography. CIN is a well-described adverse event following PCI,
especially in high-risk patients, i.e., patients with an already deteriorating renal function or chronic
kidney disease, as well as patients of advanced age or requiring an increased amount of contrast
during their intervention. Among the techniques described for ULPCI procedures, intravascular
imaging guidance seems a promising option, as it allows lesion recognition and characterization, stent
implantation, and PCI optimization. Intravascular ultrasound (IVUS) is the modality most commonly
used, as it does not require contrast injection, contrary to optical coherence tomography (OCT).
Several clinical trials, assessing IVUS in the context of ULPCI, have shown that it can be safely used in
this setting while offering a substantial reduction in contrast media volume, as well as renal adverse
outcomes. This review aims to describe the need for ULPCI and technical considerations regarding
the use of intravascular imaging in this setting, as well as analyze the available evidence from clinical
trials regarding the safety and efficacy of IVUS-ULPCI, in order to provide a comprehensive summary
for practicing physicians.

Keywords: percutaneous coronary intervention; intravascular imaging; contrast media; intravascular
ultrasound; contrast-induced nephropathy

1. Introduction

Since the inception of percutaneous coronary interventions (PCI), contrast media has
been a necessary means for rendering the coronary vessels under fluoroscopy. Contrast
agents are iodine-based solutions used to visualize the coronary arteries during angiogra-
phy, as they create a contrast between the vessels and their surroundings, thus providing
better visualization and discrimination of the coronaries, which are necessary for lesion
identification, assessment, and intervention [1]. Contrast media are well used for a hand-
ful of radiology studies of the human body; however, it is well known that these agents
are associated with several adverse reactions, ranging from allergy to nephrotoxicity and
contrast-induced nephropathy (CIN) [2]. Especially as, in the modern era of PCI, patients
undergoing such procedures are older and have more comorbidities, there is a need not
only to limit contrast volume to the safest volume achievable but also to identify those who
are at increased risk of adverse events and would benefit from an ultra-low or even zero-
contract PCI. Furthermore, complex interventions, in regards to difficult and multiple-lesion
revascularization, and chronic total occlusion (CTO) revascularization require an increased
amount of contrast injection, in order to ensure the best angiographic outcome [3]. These
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considerations led to efforts to reduce the use of contrast in specific patients’ categories in
order to diminish adverse outcomes and provide an alternative to patients requiring more
complex interventions, but patients are at increased or prohibitable risk for nephrotoxic
adverse events, following the great volume of contrast that such interventions require.

Ultra-low contrast PCI (ULPCI) has recently emerged as a safe alternative for patients
who cannot undergo a coronary intervention with the standard use of contrast media. There-
fore, ULPCI is defined as an intervention, where the ratio of contrast media injected to the
estimated glomerular function rate (eGFR) is lower than 1 (contrast volume/eGFR < 1) [4].
However, in general, ULPCI can be considered any contrast-limiting strategy, with the use
of other methods in order to better visualize coronary anatomy, reaching up to zero-contrast
PCI strategies in extremely high-risk patient phenotypes. Currently, both American and
European guidelines on myocardial revascularization recommend the limitation of contrast
use in patients with CKD or at high risk for CIN, as measured by adequate risk scores;
however, the only measures supported are pre-procedural hydration and statin admin-
istration and the use of as low as possible low- or iso-osmolar contrast media, as other
ULPCI techniques described in literature do not have enough evidence to be supported
in guidelines [5–7]. These techniques include a number of interventional strategies for
limiting contrast use, aiming to reduce operator dependence on contrast in order to visual-
ize the coronary arteries. Among those, dual-plane computed tomography (CT) scanners
and dynamic coronary roadmap (DCR) can significantly reduce contrast media volume
compared to plain angiography and physiology guidance [8,9]. DCR offers automatic gen-
eration of a real-time overlay of the coronary arteries on fluoroscopy, based on a baseline
angiography study. This tool can be used alongside other imaging techniques in order to
advance guidewires and precisely position balloons and/or stents in the lesion, without
the need for contrast injection. DCR has been associated in two available studies [8,9] with
both high technical success and safety, as well as limited contrast use, thus it can evidently
assist the operator in intervening under ULPCI conditions. Furthermore, co-registration of
fluoroscopic and physiological parameters can help limit the use of contrast while creating
a precise physiological-anatomical map of the coronaries [10]. With the emergence of
intravascular imaging, the option of intravascular ultrasound (IVUS)-guided PCI, in the
context of ULPCI, has emerged. IVUS is an imaging modality that can accurately depict the
coronary arteries and create an “anatomical tree” of the coronaries, which can be used to
interpret coronary lesions in the absence of contrast media. The independence of IVUS from
contrast media injections creates a favorable advantage for the technique for use in ULPCI
settings. Therefore, several clinical trials were designed in order to evaluate the technique
in this setting and provide data regarding the safety and efficiency of an IVUS-guided
procedure.

This review, thus, aims to provide a novel and comprehensive summary of the need
for ULPCI and the advantages of an intravascular imaging-guided intervention while
providing both technical guidance and consideration as well as an analysis of the available
clinical data regarding the use of intravascular imaging in this field.

2. The Need for ULPCI—Patient Characteristics

ULPCI has emerged as a necessity for optimally managing patients at high risk for
CIN. CIN can be defined as post-intervention renal impairment, as depicted by a 25% or
0.5 mg/dL increase of creatinine levels, compared to baseline, within 48–72 h after the
administration of the contrast solution [11]. However, another definition for CIN has been
introduced by a Kidney Disease Improving Global Outcomes (KDIGO) position paper,
which defines “Contrast-Induced Acute Kidney Injury” as: (a) Plasma creatinine levels that
have increased by 50% over the period of 7 days after the injection of contrast; (b) serum
creatinine levels that are increased by 0.3 mg/dL, compared to baseline, in the first 48 h post-
injection; or (c) urinary volume less than 0.5 mL/kg/h for over 6 h after the intervention [12].
The incidence of CIN varies among studies and definitions; however, a recent meta-analysis
of clinical trials regarding the incidence of CIN post-angiography revealed an incidence of
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9.6%, while there was a need for dialysis in 0.6% of patients [13]. Other clinical trials report
a slightly increased incidence in patients undergoing PCI [14,15], which can possibly be
attributed to the increased risk phenotype of patients undergoing coronary interventions in
comparison to patients undergoing angiography for other indications. There are several risk
factors predicting the increased risk of developing CIN after an intervention where contrast
has been used. In particular, the most important risk factor is the presence of renal failure
or chronic kidney disease (CKD) at baseline [14,16]. CKD is a common comorbidity among
patients with coronary artery disease, with an estimated incidence of 25–46%, depending
on the specific study characteristics and population [17–19]. Despite CKD patients being
considered at high risk for undergoing PCI in general, recent data show that the number
of coronary interventions in CKD patients has substantially increased over the years as
more experience and data are gained in this patient category [20]. Therefore, this high-risk
parameter for CIN is increasingly met in modern-era PCI patients, ultimately increasing
their overall risk for adverse events, such as CIN. Other described risk factors include older
age, heart failure, diabetes, anemia, atrial fibrillation, acute coronary syndrome presentation,
and volume of contrast injected [15,21,22]. As there are a number of parameters contributing
to an individual’s risk of developing CIN, several risk scores have been validated over
the years in order to facilitate clinical decision making [23–25]. The most commonly used
risk score in clinical practice is the Mehran CIN risk score. This score, created by Mehran
et al. [26], uses a number of post-procedural parameters associated with the patient’s status,
comorbidities, procedural contrast use, and renal function. The score discriminates each
patient into four distinct risk categories, with those at high and very high risk having a CIN
risk of 26.1% and 57.3%, respectively, while they are also associated with a risk for dialysis
of 1.09% and 12.6%, respectively. Recently, the Mehran 2 score, which, in comparison to
the original score, elaborates more on preprocedural and peri-procedural and has also
been tested in patients with shock and myocardial infarction (Figure 1), showed a good
discrimination of patients at high risk for CIN [23]. Finally, CIN is associated with worse
patient outcomes, both regarding metabolic and renal physiology, where the need for
dialysis may be necessary, as well as other procedural-related adverse events, including
recurrence of myocardial infarction, bleeding events, and worse short- and long-term
survival rates [27–30].

Figure 1. The Mehran 1 and 2 CIN risk scores, based on pre–procedural and procedural character-
istics. These scores provide an estimation of the risk for adverse renal events after percutaneous
coronary interventions. Abbreviations: CIN: contrast–induced nephropathy, IABP: intra–aortic
balloon pump, HF: heart failure, CHF: congestive HF, NYHA: New York Heart Association, eGFR: es-
timated glomerular filtration rate, SCr: serum creatinine, STEMI: ST elevation myocardial infarction,
NSTEMI: non–STEMI, LVEF: left ventricular ejection fraction, Hb: Hemoglobin.
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Despite CKD patients representing the largest category of patients, where ULPCI is
most likely to be pursued and more commonly represented in ULPCI trials, there are also a
number of other patient phenotypes that could benefit from such strategies. Patients with
contrast media allergies are at increased risk for allergic reactions and anaphylaxis, which
can result in increased mortality if left untreated. Even though pre-medication with corti-
costeroids has been described, in order to prevent such events [31], it is safer to consider an
ultra-low or even zero-contrast PCI strategy in order to ensure no exposure to the allergen.
Despite the lack of trials specifically assessing this patient scenario for ULPCI, a number of
case reports [32–35] document the safety and feasibility of the technique without limiting
the procedural success of the coronary intervention. Furthermore, in complex coronary
interventions, especially in multimorbid patients, there could be a benefit to implementing
ULPCI strategies. In particular, the independence of the operator from contrast injections
could assist in completing the revascularization of all lesions in one intervention rather
than being limited in stage-up procedures due to reaching the limits of contrast injection,
especially in long procedures involving multiple lesions and CTOs. Finally, patients with
sudden coronary artery dissection (SCAD) or iatrogenic dissection could benefit from a
ULPCI, as contrast injections should be limited to the absolute necessary in order to not
expand the dissected flap. Therefore, not only patients at high risk for CIN but also a large
number of PCI patients could ultimately benefit from contrast-limiting strategies without
reducing the success rate of the coronary intervention. In particular, a common, suitable
approach for pursuing a ULPCI strategy patient phenotype would be a multimorbid, older
patient with impaired renal function, CKD, or high risk of CIN and with multiple, complex
lesions, which would require increased contrast use during the intervention in order to
be revascularized in the index procedure and not be staged. Despite the complexity of
these patients, available evidence shows the safety and efficacy of ULPCI in the setting of
complex multivessel lesions, left main lesions, and CTOs [36–39]. However, the operator
should be aware of the limitations of ULPCI methods, i.e., poor discrimination of calcified
lesions with IVUS, and select the appropriate technique that would facilitate ULPCI.

3. Intravascular Imaging for ULPCI—Technical and Procedural Considerations

Intravascular imaging is a relatively novel aid to coronary interventions, which, by
using different image acquisition technologies (i.e., ultrasound, optical coherence) intravas-
cularly, assist operators in assessing intracoronary artery features, such as lesion length,
severity, and characterization, and in optimizing PCI by precisely providing information on
stent expansion and apposition. The use of such techniques in optimizing PCI outcomes is
well described, while it is widely suggested to further implement intravascular imaging in
routine practice in order to achieve the best patient and procedural outcomes [40]. In ULPCI
settings, the most appropriate imaging modality is IVUS, which requires no contrast injec-
tions, as compared to optical coherence tomography (OCT), which requires a large amount
of contrast for image acquisition [41]. IVUS is a sound-based (ultrasound) endovascular
imaging modality that can acquire a live 360-degree cross-sectional image of the vascular
system and thus the coronary arteries. Due to the different echogenicity of structures within
the coronary artery wall, IVUS can display differences in the coronary artery wall and
characterize coronary artery plaques. Furthermore, IVUS can assist in determining the
most appropriate stent landing zone and visualize stent characteristics post-implantation,
especially with regard to stent expansion. Image acquisition is performed via a manual
or mechanical probe pullback in order to depict in a live and recorded echocardiographic
image each coronary vessel and further assist in determining the length and severity of
stenosis in the entirety of the coronary artery tree [40].

In the context of ULPCI, the basics of the use of IVUS remain unchanged. However,
given the lack of contrast injection, in order to identify important anatomical landmarks
as well as the optimal position of the probe, modifications to traditional practice algo-
rithms need to be made. Several techniques have been methodologically described, mostly
in clinical trials available in this specific setting [36,37,42] (Figure 2). To begin with, a
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guidewire needs to be advanced in the selected coronary artery, past the lesion of interest.
Supplementary guidewires can be advanced to adjacent side branches in order to serve as
landmarks and create a metallic silhouette. Another technique is to involve the “marking
wire technique”, where using a Y connector, an operating and a marking guidewire are
delivered, with the marking wire serving as the landmark for the distal lesion border,
as recognized by IVUS, the operating guidewire serving for the stent delivery, and the
IVUS probe as an identifier of the proximal lesion end. After identifying the coronary
anatomy, with the use of the guidewires, IVUS pullbacks should be performed in order to
identify potential lesions. After lesion identification using the aforementioned landmarks,
stent delivery should be performed using the IVUS-acquired images. If no landmark
guidewires were used to identify the lesion borders, the IVUS probe should be used to
acquire two images (proximal and distal end), which should be projected at the time of
stent apposition to help guide the operator between the lesion borders. Following stent
expansion, post-expansion evaluation should also be made by IVUS in order to ensure
optimal stent apposition. In general, all interventions are to be made under IVUS guidance,
and contrast injection should be zero (zero-contrast PCI) or limited to the lowest amount
possible (ULPCI). Regarding complications that cannot be assessed by IVUS, such as distal
embolization, some trials mention the use of a final, low-dose, single-contrast injection in
order to identify this complication [36,38]. However, others suggest that this should only
be made when there is strong clinical evidence of distal embolization in order to follow
an “absolute zero contrast” strategy [37]. Both strategies have been used in clinical trials;
however, no trial to date compares a ULPCI to a zero-contrast strategy. In other words, it is
still uncertain if a small contrast injection could have deleterious effects on these patients. It
is evident that a final injection could provide safety to the operator and ensure optimal out-
comes. As data on the field are still emerging, operators should always use a final injection
with respect to their judgement, clinical evidence suggestive of adverse events, and their
certainty of an optimal procedural outcome. Finally, it should be recognized that there are
some limitations to the sole use of IVUS in such patients. Specific coronary anatomies, such
as dilated vessels, heavily calcified lesions that result in IVUS signal dropout, and extreme
vessel tortuosity and angulation, which could harden the insertion of the IVUS probe, may
not result in optimal procedural outcomes; therefore, other techniques for ULPCI should
be implemented.

Figure 2. This algorithm provides an overview of selected techniques commonly used for ULPCI
procedures. There are several techniques (i.e., marking wire, metallic silhouette) that aim to highlight
the lesion’s borders, based on baseline angiography. Following IVUS pullbacks can be used to further
identify the lesion and assess its characteristics. Following, stenting should be performed under IVUS
guidance, while post-stenting PCI optimization, ensuring optimal stent expansion, should be used to
enhance patient outcomes.
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Recently, a new technology aims to combine angiographic images with IVUS. Co-
registration is a novel technique where the fluoroscopic and IVUS images are automatically
co-registered, allowing for simultaneous evaluation of the cross-sectional IVUS images
along the coronary artery of interest, which is depicted in the angiogram [43] (Figure 3).
In terms of technique, in non-ULPCI settings, a reference frame from an index angiogram,
where contrast has been used, is selected, ideally at the end-diastolic phase of the cardiac
cycle. Then, automated software identifies the ideal pullback line in the reference vessel.
Following, IVUS pullback is performed, while simultaneously ECG-triggered fluoroscopy
is acquired at the end-diastolic phase per single beat in order for the software to match the
baseline reference angiogram with the IVUS transducer location. After image acquisition,
based on the distance between the IVUS and the already-inserted guiding catheter in the
vessel of reference, an estimate of the association of the fluoroscopic-IVUS image is created
via the software, resulting in a co-registered image [43]. The key difference in ULPCI is
to use an intracoronary wire angiographic view instead of an angiographic image, which
will allow a zero-contrast intervention. This technique allows the association of IVUS-
recognized lesions with their respective locations in the baseline angiogram while limiting
the injection of contrast.

Figure 3. This algorithm provides an overview of co-registration of angiography and IVUS images.
Baseline angiography images, at the end-diastolic (ED) phase, are used. Then, an automated esti-
mation of the pullback midline is done, which assists the operator with software to match the IVUS
pullback with angiography data. After IVUS pullback, software-created co-registered images are
created, which can be used by the operators for lesion assessment and revascularization.

4. Intravascular Imaging for ULPCI—Clinical Data

The use of intravascular imaging, and specifically IVUS, in low-contrast settings has
been explored in a number of clinical studies, which are reported in Table 1.
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Table 1. Clinical trials involving the use of IVUS in ULPCI or zero-contrast strategies.

Clinical Trial Type of Study Year Patient Characteristics Technique Outcomes

Mariani et al. [36] Randomized
controlled trial 2014

83 CKD patients
undergoing either

angiography-guided PCI
(n = 41) or ULPCI

ULCPI, IVUS
guided

• The total contrast volume
was significantly reduced in
IVUS-guided ULPCI (64.5 mL
vs. 20.0 mL, p < 0.001)

• Contrast volume/creatinine
ratio was significantly lower
in ULPCI (1.0 vs. 0.4, p < 0.001)

• No significant difference in
the creatinine levels
post-operatively or the
incidence of CIN

Sacha et al. [44] Observational 2019

20 patients with
advanced CKD and

hemodialysis (29 lesions)
undergoing ULPCI

Zero-contrast IVUS
guided

• The technique was feasible
in all lesions

• Post-operative AKI rate was
10%

• No patient required renal
replacement therapy
(RRT)No patient
experienced
coronary-related adverse
events at 3 months median
follow-up

Azallini et al. [39] Observational 2019

111 patients with CKD
(ULPCI: n = 8,
conventional

angiography: n = 103)

ULPCI, IVUS
and/or OCT

guided

• Contrast volume was
significantly lower in the
ULPCI group (8.8 mL vs.
90 mL, p < 0.001)

• Technical success was 100%
• ULPCI protocol success was

88%
• The incidence of CIN was

lower in the ULPCI, but not
statistically significant (0%
vs. 15.5%, p = 0.28)

Shrivastava et al.
(CONSAVE-AKI) [45]

Randomized
controlled trial 2022

• 82 patients with
acute coronary
syndrome at high
risk for CIN
(ULPCI: n = 41,
conventional
strategy: n = 41)

• 7 patients
underwent
IVUS-guided
ULPCI

ULPCI, including
contrast dilution

and IVUS
techniques

• Contrast volume was lower
for IVUS-ULPCI (29 mL),
contrary to the total ULPCI
cohort (41 mL) and the
angiography arm (112.5 mL

• Contrast volume/eGFR
ratio was similar between
the ULPCI total cohort (0.97)
and the IVUS-guided arm
(1.00), while being lower
than the conventional
strategy (2.68)

• No CIN was evident in
ULPCI patients, in contrast
to the typical
angiography-guided PCI
(17.1%)

Ali et al. [42] Observational 2016

31 patients with
advanced CKD, who had
PCI indication in a prior

coronary angiogram

Zero-contrast,
IVUS and

physiology guided

• Contrast volume was
consistently low in all
patients (median 13 mL), as
was the contrast
volume/eGFR ratio (0.80)

• No significant changes were
observed in post-operative
creatinine and eGFR levels

• No patient experienced an
adverse outcome related to
the procedure or
needed RRT
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Table 1. Cont.

Clinical Trial Type of Study Year Patient Characteristics Technique Outcomes

Kumar et al. [37] Observational 2022

42 CKD patients
(66 vessels) with an

indication for absolute
zero-contrast PCI

Zero-contrast,
IVUS guided

• Technical success of zero
contrast PCI was 92.4%
(61 lesions)

• 5 lesions (7.6%) were
revascularized under
ULPCI conditions

• 5 patients (11.9%)
developed AKI; however,
none required RRT or other
treatment

• No procedure-related
mortality was observed in
both short and long (1 year)
follow-up

Shibata et al. [38] Observational 2022

100 propensity matched
CKD patients undergoing
PCI (50 patients in each

of the following
strategies: IVUS-guided

zero-contrast PCI,
conventional
angiography)

Zero-contrast,
IVUS guided

• Zero-contrast PCI was
successful in all patients

• No AKI events were
documented in both cohorts
post-operatively

• There was no statistical
difference between the
major adverse events or
mortality between the two
cohorts

Nandhakumar
et al. [46] Observational 2022 27 patients with CKD

(31 vessels)
Zero-contrast,
IVUS guided

• The technical success of the
zero-contrast procedure was
87.1% (27 lesions)

• At one month follow-up, no
patient required RRTT

• here were no recorder major
adverse cardiovascular or
cerebrovascular events

The largest clinical trial to date is MOZART [36]. In particular, Mariani et al. studied
the feasibility and safety of an IVUS-guided ULPCI, compared to an angiographic proce-
dure, in a randomized fashion, enrolling 83 patients who underwent either an angiography-
guided PCI (n = 42) or an IVUS-guided strategy (n = 41). The study also included more
complex lesions, as most of them were categorized as American College of Cardiology
(ACC)/American Heart Association (AHA) Type B2 or C. The investigators reported that
the use of IVUS resulted in significantly lower total contrast volume, volume of contrast per
stent implanted, and contrast volume/creatinine ratio (p < 0.001 for all). Furthermore, the
study did not report any significant difference in in-hospital or 4-month follow-up patient
outcomes, while the only parameter where an IVUS strategy was inferior to angiography
was procedure time (p = 0.006). Thus, this trial provided encouraging results for the use of
IVUS in ULPCI settings; however, the small study cohort warranted more research in order
to further establish the potential benefit of IVUS in ULPCI.

Sacha et al. [44], in their respective study, examined the assistance of IVUS in zero-
contrast interventions. The study included 20 patients with severe renal disease and under
hemodialysis, and a total of 29 PCIs were performed under the guidance of IVUS, aiming
for zero-contrast administration. The study showed that the average contrast volume
injected was near zero [5 (3.5–9)], while the percentage of AKI following the procedure
was 10%, which was lower than the median prediction of 26%, and none of the patients
required renal replacement therapy. Moreover, 3 out of 4 hemodialysis patients retained
their residual renal function. The study also showed that there were no procedure-related
adverse patient outcomes, both post-procedurally and at the time of the follow-up (median
3.2 months).
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Further studies also examined the implementation of IVUS in ULPCI strategies; how-
ever, they did not examine IVUS as the sole intervention for such strategies. Azzalini
et al. [39] studied 111 patients, out of whom 8 underwent ULPCI (4 IVUS, 4 dextran-based
OCT, 1 IVUS, and OCT) versus 103 patients undergoing routine angiography-based PCI.
There were no differences between the groups regarding lesion complexity, and most
lesions were complex (ACC/AHA Type B2 or C). Technical success was achieved in all
patients; however, ULPCI was not feasible in 1 out of the 8 patients (IVUS group) due
to a procedural complication involving the IVUS catheter. The contrast volume in the
ULPCI cohort was significantly lower than the angiography cohort (p < 0.001), and the
incidence of CIN was lower for ULPCI patients (0% vs. 15.5%), but this difference did not
reach statistical significance (p = 0.28). Thus, this study shows that intravascular imaging,
including IVUS and dextran-based OCT, is a safe and feasible method, in order to decrease
the incidence of CIN.

CONSAVE-AKI was a randomized trial aiming to examine the feasibility of ULPCI
procedures in AKI patients presenting with acute coronary syndrome (ACS) [45]. The
study showed that a ULPCI, in general, is superior to angiography, as the primary outcome
of contrast-induced AKI was found to be significantly higher in the angiography cohort
(0 vs. 7 patients, p = 0.012). However, it is worth noting that not all patients underwent
IVUS as their ULPCI strategy. In particular, only 17% of the ULCPI patients underwent
the procedure with the assistance of IVUS. Regarding this subgroup, the study showed a
reduced contrast volume (29 mL) compared to both the ULPCI full study cohort (41 mL) and
angiography (112.5 mL), while the mean contrast volume/eGFR ratio was found to be 1.00.
Therefore, this study also adds to the evidence regarding the safety and feasibility of ULPCI
in ACS patients, specifically IVUS, which was associated with decreased contrast volume
compared to the full ULPCI cohort and could be further associated with the superiority
of intravascular imaging for these procedures in comparison to other contrast-limiting
techniques.

Ali et al. [42], in their study, examined the effect of using a ULPCI physiology- and
imaging-guided strategy in patients with advanced renal failure. In particular, the op-
erators used IVUS as guidance for the coronary intervention and fractional flow reserve
measurement to confirm the physiological improvement of the lesion. A total of 31 patients
were ultimately included in this study, which showed decreased values of injected contrast
media during the baseline angiogram and no-contrast use during the staged PCI procedure.
The follow-up examination (median 79 days) also showed no increase in creatinine or eGFR
levels, while no patient required renal replacement therapy. Therefore, this study showed
that a no-contrast staged PCI procedure, with the use of IVUS and physiology, is feasible
and results in enhanced patient outcomes in a high-risk CIN cohort.

More trials assessed the use of IVUS in no-contrast ULPCI settings. Kumar et al. [37]
assessed 42 CKD patients most commonly presenting with ACS who underwent zero-
contrast PCI in order to determine the safety and short-term outcomes of the procedure.
Out of the 66 vessels treated, 14 (21.2%) were left main coronary arteries, and 3 (4.5%) had
chronic total occlusions, aiming to examine the safety of the technique in more complex
lesions. Technical success was achieved in 61 vessels (92.4%), as 5 vessels were treated under
ULPCI parameters. Peak creatinine at 48 h post-operatively was not different from the
pre-operative value. Regarding outcomes, 1 patient suffered from a procedure-related event
and 4 required blood transfusion, while regarding renal outcomes, 5 patients developed
CIN, per the KDIGO definition; however, none required dialysis or any further treatment.

Followingly, Shibata et al. [38], in their study, examined the long-term safety and
efficacy of IVUS-guided zero-contrast PCI in CKD patients. In particular, they assessed
517 patients, out of whom 55 underwent zero-contrast PCI and 462 underwent conventional
PCI, which were then propensity matched in 50 patients per cohort. There was no difference
regarding the complexity of the lesions and left main revascularization between the two
arms. The study showed that an IVUS-guided approach was successful in all patients,
while no renal complications occurred in any of the two groups. Moreover, at the mean
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follow-up for each study arm, there were no differences observed in regards to major
adverse cardiovascular outcomes, all-cause cardiovascular death, or renal replacement
therapy, thus confirming the safety and efficacy of IVUS zero-contrast PCI, compared to
angiography, in a longer-term follow-up.

Finally, Nandhakumar et al. [46], in a prospective study, enrolled 27 patients at risk for
CIN (31 vessels) and assessed the technical success of IVUS-guided zero-contrast PCI and
adverse outcomes at 30 days follow-up. Technical success was met in 87.1% (n = 27) of treated
vessels. However, no major adverse cardiac or cerebrovascular event was documented
at 30 days follow-up, and the initiation of renal replacement therapy was not required
until the end of the follow-up period. The authors conclude that, despite the fact that the
technique is safe and efficient in selective coronary anatomies, small injections of contrast
may be necessary when performing such interventions in order to overcome complications
such as slow flow, intraprocedural thrombus, and geographical miss.

5. Future Perspectives

Intravascular imaging, and particularly IVUS, plays a key role in ULPCI intervention.
As documented from the aforementioned clinical trials, the use of IVUS to guide coronary
interventions led to a significant reduction in contrast volume, contrary to conventional
angiography, while the effectiveness and safety of the procedure were comparable to angiog-
raphy, as increased mortality and adverse outcome rates were not observed. Furthermore,
the use of IVUS was shown to be safe in the context of zero-contrast PCI, with no expense to
the technical success of the procedure. These results imply that such techniques, employed
to avoid unnecessary contrast use, can be safely used in patients at high risk for CIN or
any other severe contrast-mediated adverse reaction (Figure 4: central figure). Especially
for patients with CKD or pre-intervention renal failure of other etiologies, such as shock,
the use of imaging-only interventions seems to be ideal for avoiding contrast-associated
complications. Furthermore, for patient phenotypes where the contrast volume is expected
to be large (i.e., CTO and complex intervention), regardless of CIN risk, ULPCI creates
the opportunity for both the patient and operator to limit the use of contrast and perform
revascularization in one attempt rather than stage-up the operation, while, as shown in
the aforementioned studies, IVUS-guided ULPCI can be performed safely in such lesions.
Finally, limited data also show the safety and efficacy of ULPCI even in ACS patients, who,
as shown by the Mehran 2 risk score, are also at high risk for CIN. It should be highlighted,
though, that the data supporting the use of ULPCI or zero-contrast PCI remain limited
to mostly observational studies, with no extended follow-up. Furthermore, only a few
trials have examined the sole use of IVUS in these procedures, while most trials have
tested the combined use of ULPCI strategies, including physiology assessment and contrast
dilution. Indeed, in everyday clinical practice, a combination of ULPCI techniques is more
probable to be used by operators in order to ensure a safe procedure. However, in order for
such interventions to be more widely used and ultimately endorsed by guidelines, more
randomized trials with extensive follow-up, examining the specifics of IVUS use in this
setting are needed. Currently enrolling randomized trials in patients with CKD and AKI
(NCT05913362, NCT05906758, and NCT02743156) will provide more insights regarding the
use of IVUS-guided ULPCI in these patients.
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Figure 4. Central figure: Ultra-low percutaneous coronary intervention (ULCPI) and intravascular
ultrasound (IVUS): patient characteristics, technical considerations and key outcomes. Abbreviations:
CIN: contrast-induced nephropathy, CTO: chronic total occlusion, PCI: percutaneous coronary inter-
vention, CCTA: coronary computed tomography angiography, DCR: dynamic coronary roadmapping,
eGFR: estimated glomerular filtration rate.

Novel technologies in imaging-guided ULPCI warrant the expansion of the field and
the employment of new techniques, which have the potential to improve patient outcomes
and further assist in optimizing coronary interventions. In particular, as aforementioned,
OCT is currently not the preferred imaging modality for guiding ULPCI, as the need for
contrast in order to acquire intravascular images is a prohibiting factor for this type of
intervention. However, it is also known that, despite the advances in IVUS technology
and the technical enhancement of the acquired images over the years, OCT has better
discrimination capabilities as well as resolution, resulting in better intravascular image
acquisition [40]. The use of zero- or ultra-low contrast PCI under OCT guidance, employing
agents such as dextran and colloid infusate, has been described in the bibliography, with
the reported outcomes being favorable for the method [47–49]. However, the lack of
concrete clinical evidence employing this method warrants further research and clinical
investigations in order to first evaluate the safety and feasibility of the method and, second,
to compare OCT-guided ULPCI to IVUS.

Finally, co-registration has been proven increasingly beneficial for performing ULPCI.
It should be, thus, mentioned that the operators’ option for co-registering the angio-
graphic image includes both physiology co-registration, where the fluoroscopy image
is co-registered with physiology-derived data, and imaging co-registration, where the
fluoroscopy image is co-registered with IVUS pullback data. However, specific software
used for co-registration can also allow tri-registration, i.e., co-registration of fluoroscopy,
physiology, and imaging data. The use of such software allows a total evaluation of the
coronary arteries and potential lesions and provides the most data to physicians, even in
the absence of the typical angiographic image. Despite the lack of clinical data regarding
tri-registration, future trials should focus on the evaluation of such systems in order for
them to be more widely implemented in clinical practice.

6. Conclusions

Intravascular imaging is a significant contributor to the success of ULCPI procedures.
The available clinical data, even though limited, document both the efficiency and safety of
a ULPCI under the guidance of IVUS. Furthermore, the emergence of newer OCT-based
algorithms using non-iodinated contrast could also be associated with enhanced patient
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outcomes and coronary artery visualization. Thus, future, larger randomized trials testing
both IVUS and OCT in this setting could increase the evidence and the clinical use of such
procedures in selected patients, resulting in improved PCI procedures.

Funding: This research received no external funding.

Data Availability Statement: No original data were used in this literature review.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Klein, L.W.; Sheldon, M.W.; Brinker, J.; Mixon, T.A.; Skelding, K.; Strunk, A.O.; Tommaso, C.L.; Weiner, B.; Bailey, S.R.; Uretsky,

B.; et al. The use of radiographic contrast media during PCI: A focused review. Catheter. Cardiovasc. Interv. 2009, 74, 728–746.
[CrossRef] [PubMed]

2. Andreucci, M.; Solomon, R.; Tasanarong, A. Side Effects of Radiographic Contrast Media: Pathogenesis, Risk Factors, and
Prevention. Biomed. Res. Int. 2014, 2014, 741018. [CrossRef]

3. Lin, Y.-S.; Fang, H.-Y.; Hussein, H.; Fang, C.Y.; Chen, Y.L.; Hsueh, S.K.; Cheng, C.I.; Yang, C.H.; Chen, C.J.; Hang, C.L.; et al.
Predictors of contrast-induced nephropathy in chronic total occlusion percutaneous coronary intervention. EuroIntervention 2014,
9, 1173–1180. [CrossRef] [PubMed]

4. Hennessey, B.; Shabbir, A.; Travieso, A.; Gonzalo, N.; Escaned, J. Procedural and Technological Innovations Facilitating Ultra-low
Contrast Percutaneous Coronary Interventions. Interv. Cardiol. Rev. Res. Resour. 2023, 18, e09. [CrossRef] [PubMed]

5. Byrne, R.A.; Rossello, X.; Coughlan, J.J.; Barbato, E.; Berry, C.; Chieffo, A.; Claeys, M.J.; Dan, G.A.; Dweck, M.R.; Galbraith,
M.; et al. 2023 ESC Guidelines for the management of acute coronary syndromes. Eur. Heart J. 2023, 44, 3720–3826. [CrossRef]
[PubMed]

6. Lawton, J.S.; Tamis-Holland, J.E.; Bangalore, S.; Bates, E.R.; Beckie, T.M.; Bischoff, J.M.; Bittl, J.A.; Cohen, M.G.; DiMaio, J.M.;
Don, C.W.; et al. 2021 ACC/AHA/SCAI Guideline for Coronary Artery Revascularization: Executive Summary: A Report of the
American College of Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation 2022,
145, E4–E17. [CrossRef] [PubMed]

7. Neumann, F.-J.; Sousa-Uva, M.; Ahlsson, A.; Alfonso, F.; Banning, A.P.; Benedetto, U.; Byrne, R.A.; Collet, J.P.; Falk, V.; Head, S.J.;
et al. 2018 ESC/EACTS Guidelines on myocardial revascularization. Eur. Heart J. 2019, 40, 87–165. [CrossRef]

8. Piayda, K.; Kleinebrecht, L.; Afzal, S.; Bullens, R.; Ter Horst, I.; Polzin, A.; Veulemans, V.; Dannenberg, L.; Wimmer, A.C.; Jung, C.;
et al. Dynamic coronary roadmapping during percutaneous coronary intervention: A feasibility study. Eur. J. Med. Res. 2018, 23,
36. [CrossRef]

9. Yabe, T.; Muramatsu, T.; Tsukahara, R.; Nakano, M.; Takimura, H.; Kawano, M.; Hada, T.; Ikeda, T. The impact of percutaneous
coronary intervention using the novel dynamic coronary roadmap system. Heart Vessels 2020, 35, 323–330. [CrossRef]

10. Nijjer, S.S.; Sen, S.; Petraco, R.; Escaned, J.; Echavarria-Pinto, M.; Broyd, C.; Al-Lamee, R.; Foin, N.; Foale, R.A.; Malik, I.S.; et al.
Pre-Angioplasty Instantaneous Wave-Free Ratio Pullback Provides Virtual Intervention and Predicts Hemodynamic Outcome for
Serial Lesions and Diffuse Coronary Artery Disease. JACC Cardiovasc. Interv. 2014, 7, 1386–1396. [CrossRef]

11. Mehran, R.; Dangas, G.D.; Weisbord, S.D. Contrast-Associated Acute Kidney Injury. N. Engl. J. Med. 2019, 380, 2146–2155.
[CrossRef] [PubMed]

12. Khwaja, A. KDIGO Clinical Practice Guidelines for Acute Kidney Injury. Nephron Clin. Pract. 2012, 120, c179–c184. [CrossRef]
[PubMed]

13. Wu, M.-Y.; Lo, W.-C.; Wu, Y.-C.; Lin, T.C.; Lin, C.H.; Wu, M.S.; Tu, Y.K. The Incidence of Contrast-Induced Nephropathy and
the Need of Dialysis in Patients Receiving Angiography: A Systematic Review and Meta-Analysis. Front. Med. 2022, 9, 862534.
[CrossRef] [PubMed]

14. Wang, J.; Zhang, C.; Liu, Z.; Bai, Y. Risk factors of contrast-induced nephropathy after percutaneous coronary intervention: A
retrospective analysis. J. Int. Med. Res. 2021, 49, 030006052110059. [CrossRef] [PubMed]

15. Khalfallah, M.; Allaithy, A.; Maria, D.A. Incidence, Predictors and Outcomes of Contrast Induced Nephropathy in Patients with
ST Elevation Myocardial Infarction Undergoing Primary Percutaneous Coronary Intervention. Glob. Heart 2021, 16, 57. [CrossRef]
[PubMed]

16. Tsai, T.T.; Patel, U.D.; Chang, T.I.; Kennedy, K.F.; Masoudi, F.A.; Matheny, M.E.; Kosiborod, M.; Amin, A.P.; Messenger, J.C.;
Rumsfeld, J.S.; et al. Contemporary Incidence, Predictors, and Outcomes of Acute Kidney Injury in Patients Undergoing
Percutaneous Coronary Interventions. JACC Cardiovasc. Interv. 2014, 7, 1–9. [CrossRef] [PubMed]

17. Ix, J.H.; Shlipak, M.G.; Liu, H.H.; Schiller, N.B.; Whooley, M.A. Association between Renal Insufficiency and Inducible Ischemia
in Patients with Coronary Artery Disease. J. Am. Soc. Nephrol. 2003, 14, 3233–3238. [CrossRef]

18. Malleshappa, P.; Shah, B. Prevalence of chronic kidney disease and the incidence of acute kidney injury in patients with coronary
artery disease in Mumbai, India. Heart Views Off. J. Gulf Heart Assoc. 2015, 16, 47. [CrossRef]

19. Liu, H.; Yu, J.; Chen, F.; Li, J.; Hu, D. Inpatients with coronary heart disease have a high prevalence of chronic kidney disease
based on estimated glomerular filtration rate (eGFR) in China. Heart Vessels 2007, 22, 223–228. [CrossRef]

https://doi.org/10.1002/ccd.22113
https://www.ncbi.nlm.nih.gov/pubmed/19830793
https://doi.org/10.1155/2014/741018
https://doi.org/10.4244/EIJV9I10A198
https://www.ncbi.nlm.nih.gov/pubmed/24561734
https://doi.org/10.15420/icr.2022.32
https://www.ncbi.nlm.nih.gov/pubmed/37387711
https://doi.org/10.1093/eurheartj/ehad191
https://www.ncbi.nlm.nih.gov/pubmed/37622654
https://doi.org/10.1161/CIR.0000000000001039
https://www.ncbi.nlm.nih.gov/pubmed/34882436
https://doi.org/10.1093/eurheartj/ehy394
https://doi.org/10.1186/s40001-018-0333-x
https://doi.org/10.1007/s00380-019-01502-1
https://doi.org/10.1016/j.jcin.2014.06.015
https://doi.org/10.1056/NEJMra1805256
https://www.ncbi.nlm.nih.gov/pubmed/31141635
https://doi.org/10.1159/000339789
https://www.ncbi.nlm.nih.gov/pubmed/22890468
https://doi.org/10.3389/fmed.2022.862534
https://www.ncbi.nlm.nih.gov/pubmed/35573008
https://doi.org/10.1177/03000605211005972
https://www.ncbi.nlm.nih.gov/pubmed/33878914
https://doi.org/10.5334/gh.1071
https://www.ncbi.nlm.nih.gov/pubmed/34692381
https://doi.org/10.1016/j.jcin.2013.06.016
https://www.ncbi.nlm.nih.gov/pubmed/24456715
https://doi.org/10.1097/01.ASN.0000095642.25603.7A
https://doi.org/10.4103/1995-705X.159219
https://doi.org/10.1007/s00380-006-0964-7


J. Clin. Med. 2023, 12, 7499 13 of 14

20. Patel, B.; Shah, M.; Dusaj, R.; Maynard, S.; Patel, N. Percutaneous Coronary Intervention and Inpatient Mortality in Patients with
Advanced Chronic Kidney Disease Presenting with Acute Coronary Syndrome. Bayl. Univ. Med. Cent. Proc. 2017, 30, 400–403.
[CrossRef]

21. He, H.; Chen, X.-R.; Chen, Y.-Q.; Niu, T.-S.; Liao, Y.-M. Prevalence and Predictors of Contrast-Induced Nephropathy (CIN) in
Patients with ST-Segment Elevation Myocardial Infarction (STEMI) Undergoing Percutaneous Coronary Intervention (PCI): A
Meta-Analysis. J. Interv. Cardiol. 2019, 2019, 2750173. [CrossRef]

22. Sedhai, Y.R.; Golamari, R.; Timalsina, S.; Basnyat, S.; Koirala, A.; Asija, A.; Choksi, T.; Kushwah, A.; Geovorgyan, D.; Dar, T.; et al.
Contrast-Induced Nephropathy After Cardiac Catheterization: Culprits, Consequences and Predictors. Am. J. Med. Sci. 2017, 354,
462–466. [CrossRef] [PubMed]

23. Mehran, R.; Owen, R.; Chiarito, M.; Baber, U.; Sartori, S.; Cao, D.; Nicolas, J.; Pivato, C.A.; Nardin, M.; Krishnan, P.; et al. A
contemporary simple risk score for prediction of contrast-associated acute kidney injury after percutaneous coronary intervention:
Derivation and validation from an observational registry. Lancet 2021, 398, 1974–1983. [CrossRef] [PubMed]

24. Inohara, T.; Kohsaka, S.; Abe, T.; Miyata, H.; Numasawa, Y.; Ueda, I.; Nishi, Y.; Naito, K.; Shibata, M.; Hayashida, K.; et al.
Development and Validation of a Pre-Percutaneous Coronary Intervention Risk Model of Contrast-Induced Acute Kidney Injury
with an Integer Scoring System. Am. J. Cardiol. 2015, 115, 1636–1642. [CrossRef] [PubMed]

25. Chen, Y.-L.; Fu, N.-K.; Xu, J.; Yang, S.C.; Li, S.; Liu, Y.Y.; Cong, H.L. A simple preprocedural score for risk of contrast-induced
acute kidney injury after percutaneous coronary intervention. Catheter. Cardiovasc. Interv. 2014, 83, E8–E16. [CrossRef] [PubMed]

26. Mehran, R.; Aymong, E.D.; Nikolsky, E.; Lasic, Z.; Iakovou, I.; Fahy, M.; Mintz, G.S.; Lansky, A.J.; Moses, J.W.; Stone, G.W.; et al. A
simple risk score for prediction of contrast-induced nephropathy after percutaneous coronary intervention. J. Am. Coll. Cardiol.
2004, 44, 1393–1399. [CrossRef] [PubMed]

27. 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. [CrossRef] [PubMed]

28. Wong, N.; Dinh, D.T.; Brennan, A.; Batchelor, R.; Duffy, S.J.; Shaw, J.A.; Chan, W.; Layland, J.; van Gaal, W.J.; Reid, C.M.; et al.
Incidence, predictors and clinical implications of new renal impairment following percutaneous coronary intervention. Open
Heart 2022, 9, e001876. [CrossRef] [PubMed]

29. Mohebi, R.; Karimi Galougahi, K.; Garcia, J.J.; Horst, J.; Ben-Yehuda, O.; Radhakrishnan, J.; Chertow, G.M.; Jeremias, A.; Cohen,
D.J.; Cohen, D.J.; et al. Long-Term Clinical Impact of Contrast-Associated Acute Kidney Injury Following PCI. JACC Cardiovasc.
Interv. 2022, 15, 753–766. [CrossRef]

30. Narula, A.; Mehran, R.; Weisz, G.; Dangas, G.D.; Yu, J.; Généreux, P.; Nikolsky, E.; Brener, S.J.; Witzenbichler, B.; Guagliumi, G.;
et al. Contrast-induced acute kidney injury after primary percutaneous coronary intervention: Results from the HORIZONS-AMI
substudy. Eur. Heart J. 2014, 35, 1533–1540. [CrossRef]

31. Jha, K.K.; Thakur, L.; Yost, G.; Berger, A.; Green, S.; Agarwal, S.; Scott, T.D.; Bauch, T.D.; Blankenship, J.C. Clinical Efficacy of
Emergency Premedication Regimen for Contrast Allergy Before Percutaneous Coronary Interventions. Circ. Cardiovasc. Interv.
2020, 13, e008672. [CrossRef] [PubMed]

32. Chen, C.-Y.; Huang, W.; Liu, J.; Cao, Y. Zero-contrast percutaneous coronary intervention for chronic total occlusions guided by
intravascular ultrasound with ChromaFlo mode: A case report. Eur. Heart J. Case Rep. 2020, 4, 1. [CrossRef] [PubMed]

33. Nagaoka, M.; Tsumuraya, N.; Nie, M.; Ikari, Y. Zero Contrast Coronary Intervention Using Intravascular Ultrasound Guidance in
a Patient with Allergy to Contrast Medium. Tokai J. Exp. Clin. Med. 2016, 41, 152–155. [PubMed]

34. Gupta, A.; Neupane, S.; Basir, M.; Alaswad, K. Zero-iodinated contrast retrograde percutaneous coronary interventions of chronic
total occlusions using gadolinium and imaging guidance: A case report of a patient with severe anaphylaxis to iodinated contrast.
Eur. Heart J. Case Rep. 2020, 4, 1–7. [CrossRef] [PubMed]

35. Okura, H.; Nezuo, S.; Yoshida, K. Successful stent implantation guided by intravascular ultrasound and a Doppler guidewire
without contrast injection in a patient with allergy to iodinated contrast media. J. Invasive Cardiol. 2011, 23, 297–299. [PubMed]

36. Mariani, J.; Guedes, C.; Soares, P.; Zalc, S.; Campos, C.M.; Lopes, A.C.; Spadaro, A.G.; Perin, M.A.; Filho, A.E.; Takimura, C.K.;
et al. Intravascular Ultrasound Guidance to Minimize the Use of Iodine Contrast in Percutaneous Coronary Intervention. JACC
Cardiovasc. Interv. 2014, 7, 1287–1293. [CrossRef] [PubMed]

37. Kumar, P.; Jino, B.; Roy, S.; Shafeeq, A.; Rajendran, M. Absolute zero-contrast percutaneous coronary intervention under
intravascular ultrasound guidance in chronic kidney disease patients—From despair to hope? IJC Heart Vasc. 2022, 40, 101052.
[CrossRef]

38. Shibata, K.; Wakabayashi, K.; Ishinaga, T.; Morimura, M.; Aizawa, N.; Suzuki, T.; Furuya, T.; Sato, C.; Nishikura, T.; Ikeda, N.;
et al. Feasibility, Safety, and Long-Term Outcomes of Zero-Contrast Percutaneous Coronary Intervention in Patients with Chronic
Kidney Disease. Circ. J. 2022, 86, 787–796. [CrossRef]

39. Azzalini, L.; Laricchia, A.; Regazzoli, D.; Mitomo, S.; Hachinohe, D.; Bellini, B.; Demir, O.M.; Poletti, E.; Maccagni, D.; Colombo,
A. Ultra-Low Contrast Percutaneous Coronary Intervention to Minimize the Risk for Contrast-Induced Acute Kidney Injury in
Patients with Severe Chronic Kidney Disease. J. Invasive Cardiol. 2019, 31, 176–182. [CrossRef]

40. Truesdell, A.G.; Alasnag, M.A.; Kaul, P.; Rab, S.T.; Riley, R.F.; Young, M.N.; Batchelor, W.B.; Maehara, A.; Welt, F.G.; Kirtane, A.J.;
et al. Intravascular Imaging During Percutaneous Coronary Intervention. J. Am. Coll. Cardiol. 2023, 81, 590–605. [CrossRef]

https://doi.org/10.1080/08998280.2017.11930205
https://doi.org/10.1155/2019/2750173
https://doi.org/10.1016/j.amjms.2017.05.010
https://www.ncbi.nlm.nih.gov/pubmed/29173356
https://doi.org/10.1016/S0140-6736(21)02326-6
https://www.ncbi.nlm.nih.gov/pubmed/34793743
https://doi.org/10.1016/j.amjcard.2015.03.004
https://www.ncbi.nlm.nih.gov/pubmed/25891989
https://doi.org/10.1002/ccd.25109
https://www.ncbi.nlm.nih.gov/pubmed/23907993
https://doi.org/10.1016/j.jacc.2004.06.068
https://www.ncbi.nlm.nih.gov/pubmed/15464318
https://doi.org/10.1016/j.jacc.2016.05.099
https://www.ncbi.nlm.nih.gov/pubmed/27659469
https://doi.org/10.1136/openhrt-2021-001876
https://www.ncbi.nlm.nih.gov/pubmed/36220310
https://doi.org/10.1016/j.jcin.2021.11.026
https://doi.org/10.1093/eurheartj/ehu063
https://doi.org/10.1161/CIRCINTERVENTIONS.119.008672
https://www.ncbi.nlm.nih.gov/pubmed/32466675
https://doi.org/10.1093/ehjcr/ytaa349
https://www.ncbi.nlm.nih.gov/pubmed/33442603
https://www.ncbi.nlm.nih.gov/pubmed/27628609
https://doi.org/10.1093/ehjcr/ytaa092
https://www.ncbi.nlm.nih.gov/pubmed/33204950
https://www.ncbi.nlm.nih.gov/pubmed/21725127
https://doi.org/10.1016/j.jcin.2014.05.024
https://www.ncbi.nlm.nih.gov/pubmed/25326742
https://doi.org/10.1016/j.ijcha.2022.101052
https://doi.org/10.1253/circj.CJ-21-0905
https://doi.org/10.1016/j.jacc.2018.08.1792
https://doi.org/10.1016/j.jacc.2022.11.045


J. Clin. Med. 2023, 12, 7499 14 of 14
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