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Abstract: Background: The internal mammary artery (IMA) is the conduit of
choice for coronary artery bypass grafting (CABG). While it can be harvested as a
pedicled (with surrounding tissue) or skeletonized (stripped bare) graft, the optimal
technique remains debated. The perivascular adipose tissue (PVAT) surrounding
the IMA is no longer considered inert but is a bioactive organ secreting vasoactive
adipokines. This review synthesizes the evidence on the role of PVAT in IMA
vasoreactivity and its implications for the choice of harvesting technique. Methods:
A systematic literature search was conducted in PubMed/MEDLINE, Embase, and
CENTRAL up to 1 December 2025 for original studies investigating PVAT
function in human IMA or comparing pedicled vs. skeletonized harvesting with
relevant vasomotor or clinical outcomes. Data were extracted and synthesized
narratively. Results: The included studies consistently demonstrate that IMA-
PVAT exerts a potent anticontractile and vasorelaxant effect. This is mediated
through multiple pathways, including the release of adiponectin, which enhances
endothelial nitric oxide synthase function, and the production of non-nitric oxide,
non-prostanoid relaxing factors that act directly on vascular smooth muscle. Ex vivo
studies show conflicting results that skeletonization, by removing PVAT, may or
may not augment vasoconstrictive responses and increase susceptibility to spasm
but preservation of PVAT definitively preserves vasorelaxation properties of IMA.
Though less definitive and conflicting, clinical studies, particularly a recent large
post-hoc RCT analysis, suggest that harvesting of the IMA during CABG surgery
using a skeletonized technique was associated with a higher rate of graft occlusion
and worse clinical outcomes than the traditional pedicled technique. Conclusions:
PVAT is an integral, protective component of the human IMA, providing a
multimodal defense against vasospasm. The pedicled harvesting technique, by
conserving PVAT, leverages these inherent vasorelaxant properties and is
physiologically superior for minimizing graft spasm. Surgical strategy should
consider the antispastic benefit of the pedicled IMA, balanced against the potential
sternal wound healing and length advantages of skeletonization in high-risk patients.
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1. Introduction
1.1. Clinical Context: Coronary Artery Disease and the Central Role of CABG

Coronary artery disease (CAD) remains a leading cause of global mortality. Coronary artery bypass grafting
(CABQG) is the standard of care for patients with complex multivessel disease, offering superior long-term survival
and freedom from major adverse cardiac events compared to percutaneous intervention in selected populations [1,2].
The success of CABG is intrinsically linked to the long-term patency of the conduits used. Since its introduction by
Kolessov [3] and subsequent popularization, the internal mammary artery (IMA), particularly the left IMA to the left
anterior descending artery, has become the gold-standard conduit due to its exceptional long-term patency, which
exceeds 90% at 10 years [4,5]. This superior performance is attributed to its inherent biological properties, including
a favorable endothelial function with pronounced nitric oxide (NO) and endothelium-derived hyperpolarizing factor
(EDHF)-mediated responses, and relative resistance to atherosclerosis [6-8].

1.2. The Surgical Dilemma: Pedicled versus Skeletonized Harvesting

A persistent technical debate in contemporary cardiac surgery revolves around the optimal method for IMA
harvest. The conventional pedicled (or conventional) technique involves isolating the IMA with a cushion of
surrounding tissue, including parietal pleura, venous tributaries, lymphatics, and, crucially, the perivascular
adipose tissue (PVAT). This method preserves the surrounding tissues and reduces the possible mechanical
damage on the IMA. In contrast, the skeletonized technique entails meticulous dissection to isolate the IMA alone,
completely stripping it of all adjacent tissue [9,10]. Apart from the possible damage on the IMA wall during this
procedure and more technical demand, proponents of skeletonization argue for reduced sternal devascularization,
particularly critical in diabetic patients undergoing bilateral IMA grafting, potentially lowering the risk of deep
sternal wound infection [11,12]. It may also facilitate the achievement of greater graft length [13]. However, this
technique may inflict greater mechanical and thermal trauma to the vessel wall, potentially impairing its
endothelial and vasomotor function [14,15].

1.3. The Paradigm Shift in PVAT Biology: From Inert Packing to Bioactive Organ

Historically regarded as a passive structural support, PVAT has been recognized as a dynamic, multifunctional
paracrine organ in the last two decades [16,17]. It secretes a plethora of biologically active substances, termed
“adipokines”, which exert profound effects on the adjacent vasculature. These include vasorelaxant factors such
as adiponectin [18], leptin [19], hydrogen sulfide (H»S) [20], and prostacyclin [21], as well as vasoconstrictors like
angiotensin II and reactive oxygen species. The net effect of PVAT on vascular tone is context-dependent, but in
healthy states, it typically exhibits an anticontractile or vasorelaxant phenotype in human internal thoracic artery
(IMA) [22,23].

1.4. The Knowledge Gap: Translating PVAT Biology to IMA Graft Function

While the biological role of PVAT in physiology and disease is increasingly appreciated, its specific impact
on human IMA graft function and the implications for the pedicled versus skeletonized debate have not been
systematically synthesized. The removal of PVAT during skeletonization may inadvertently deprive the IMA of a
critical source of vasoprotective factors, potentially predisposing the graft to vasospasm—a significant clinical
concern during and after CABG [24,25].

1.5. Rationale and Objective of This Systematic Review

Our recent work demonstrated that the PVAT surrounding the human IMA exerts a potent vasodilatory effect,
which is partially preserved even in the absence of endothelium and NO synthase activity, and is mediated, at least
in part, by calcium-dependent adiponectin release [26]. This finding provides a compelling physiological rationale
for preserving PVAT. Therefore, this systematic review aims to critically appraise and synthesize the existing
evidence regarding the functional role of PVAT in human IMA vasoreactivity and to evaluate the hypothesis that
pedicled harvesting, by conserving PVAT, confers a superior antispastic profile compared to skeletonization.

2. Materials and Methods
2.1. Search Strategy

A comprehensive and systematic literature search was conducted to identify all relevant original research
articles. The search was performed from the inception of each database until 1 December 2025, across three major
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electronic databases: PubMed/MEDLINE, Embase (via Ovid), and the Cochrane Central Register of Controlled

Trials (CENTRAL). The core search strategy for PubMed, combining Medical Subject Headings (MeSH) and free-
text terms, is detailed in Figure 1.

Identification

A

Records identified from:

PubMed/MEDLINE: n = 137
Embase via Ovid: n = 165
Cochrane CENTRAL: n = 35

A

Total records identified: n
= 2/

A

Duplicate records
removed: n = 122

A

Records screened
Title/Abstract: n = 215

-

Records excluded: n = 68
Reasons: Not original

Full-text articles assessed

research, s
for eligibility: n = 147

not relevant model,
not relevant outcome, etc.

Full-text articles
excluded: n = 27
Reasons: Wrong Studies included in
population/intervention, systematic review: n = 120
insufficient data,
abstract only, etc.

Figure 1. The flow chat of the search strategy.

The searching terms were: (“Internal Mammary Artery”[Mesh] OR “Internal Mammary Artery” OR “Internal
Mammary Arteries” OR “Internal Thoracic Artery” OR “ITA” OR “IMA”) AND (“Adipose Tissue”’[Mesh] OR
“Adipose Tissue, Perivascular’[Mesh] OR “Perivascular Adipose Tissue” OR “PVAT” OR “Adipokines”’[Mesh] OR
“Adiponectin” OR “Leptin”) AND (“Vasodilation”[Mesh] OR “Vasoconstriction”’[Mesh] OR “Vasospasm” OR
“Vasomotor” OR “Graft Occlusion, Vascular’[Mesh] OR “Myograph” OR “Organ Bath” OR “Vascular Smooth
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Muscle”[Mesh] OR relaxation OR vasodilator) AND NOT (review[pt] OR meta-analysis[pt] OR editorial[pt] OR
comment[pt] OR letter[pt]).
Reference lists of included articles were manually screened for additional eligibility.

2.2. Eligibility Criteria (PICOS Framework)

Inclusion criteria were pre-defined using the PICOS framework:

e  Population (P): Studies utilizing human IMA tissues from CABG patients or organ donors, or clinical studies
of CABG patients receiving IMA grafts.

e Intervention (I): Investigation of IMA PVAT presence/activity, its derived factors (e.g., adiponectin), or the
pedicled harvesting technique.

e  Comparator (C): Comparison of IMA with PVAT (PVAT+) vs. without PVAT (PVAT-), pedicled vs.
skeletonized grafts, or effects of PVAT-derived factors vs. control.

. Outcomes (O):
o Primary: Vasomotor function (relaxation, contraction, basal tone).
o  Secondary: Adipokine secretion, graft patency, graft-related clinical outcomes (e.g., spasm).

e  Study Types (S): Original research articles (Ex vivo, in vitro, clinical studies). Reviews, meta-analyses,
editorials, and case reports (n < 10) were excluded.

2.3. Study Selection Process
The study selection process followed the PRISMA guidelines [BMJ. 2021;372:n71]. After duplicate removal,

titles/abstracts were screened, and full texts of potentially eligible studies were assessed against the PICOS criteria
by the author. The PRISMA flow diagram illustrates this process (Figure 1).
2.4. Data Extraction and Quality Assessment

Data were extracted using a standardized form. The quality of ex vivo studies was assessed using a customized
checklist evaluating sample size, blinding, randomization, tissue viability, and statistical reporting. Clinical studies
were assessed using the Newecastle-Ottawa Scale [BMJ. 2021;372:n71], and RCTs were assessed using the
Cochrane RoB 2.0 tool [BMC Med Res Methodol. 2014 Mar 26;14:43].

3. Results
3.1. Results of the Search and Study Selection

The systematic search and selection process, culminating in the inclusion of relevant studies, are depicted in
the PRISMA flow diagram (Figure 1).

3.2. Study Characteristics

The key characteristics of the included studies, including design, population, interventions, and main
outcomes, are summarized in Tables 1 and 2.
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Table 1. Summary of Key Studies on PVAT and IMA Harvesting Technique—Experimental & Mechanistic Studies.
First Author, Year Study Design Key Groups/Focus Main Findings Related to PVAT and Vasomotor Function
. PVAT attenuated contractions to serotonin. The anticontractile effect was reduced by L-NNA and
Gao Y1, 2005 [23] Ex vivo myography IMA = PVAT abolished by endothelium removal, indicating an endothelium-dependent NO-mediated component.
Malinowski M, 2008 [24] Ex vivo myography IMA + PVAT, +L-NNA, +Indomethacin PVAT released a potent anticontractile factor that reduced serotonin-induced contractions. This effect was

independent of NO and prostacyclin.

Identified a novel pathway where adiponectin from PVAT activates endothelial NO synthase (eNOS) in

Margaritis M, 2013 [27]  Ex vivo/Molecular Human vessels and PVAT the adjacent vessel wall, linking PVAT to endothelial function.
. . . Skeletonization does not damage the endothelial function of the LITA. Higher free blood flow and
Deja MA, 1999 [11] Clinical and Ex vivo myography IMA + PVAT available LITA length should encourage the use of skeletonized LITA in clinical practice.
Ozen G, 2021 [21] Ex vivo organ bath IMA PVAT of IMA exerts its anti-contractile effect independently from prostanoids. Retaining PVAT in human

IMA preparations may have potential clinical implications to improve coronary bypass graft patency.

Homocysteine impaired the anticontractile function of PVAT, demonstrating that PVAT can become

Wei JH, 2023 [28] Ex vivo myography IMA PVAT exposed to Homocysteine dysfunctional under metabolic stress.

. . In a hyperhomocysteinemia model, inhibition of soluble epoxide hydrolase ameliorated PVAT
Wei TH, 2025 [29] Ex vivo myography IMA PVAT dysfunction, identifying epoxyeicosatrienoic acids as a PVAT-derived relaxing factor.
Zhang YF, 2025 [26] Ex vivo myography IMA + PVAT, ~Endothelium, ~L-NNA PVAT significantly enhanced AdipoRon and A23187-induced relaxation. This effect was partially

independent of NO and endothelium. A23187 stimulated adiponectin release from PVAT.

Table 2. Summary of Key Studies on PVAT and IMA Harvesting Technique—Clinical & Surgical Outcome Studies.

First Author, Year

Study Design

Key Groups/Focus

Main Findings Related to PVAT and Vasomotor Function

Deja MA, 1999 [11]

Clinical Cohort (287 nonskeletonized

vs. 70 skeletonized LIMA)

Pedicled vs. Skeletonized LIMA

Skeletonization does not damage the endothelial function of the LIMA. Higher free blood flow and
available LIMA length should encourage the use of skeletonized LIMA in clinical practice.

Calafiore AM, 1999 [30]

Clinical Cohort (304 pedicled vs. 842

skeletonized conduits)

Pedicled vs. Skeletonized
BIMA

Similar midterm clinical results and angiographic patency between pedicled and skeletonized bilateral IMA
grafts with a lower rate of sternal wound complications in skeletonized bilateral IMA group.

Gaudino M, 2003 [16]

Clinical (15 patients)

Pedicled vs. Skeletonized IMA

Skeletonized IMAs had a higher propensity for intraoperative spasm and exhibited heightened contractility
to serotonin ex vivo.

Mannacio V, 2011 [31]

Randomized Trial (100 Pedicled vs.

100 Skeletonized IMA patients)

Pedicled vs. Skeletonized IMA

Skeletonization of the left IMA provided significantly higher early flow capacity and better graft flow reserve.

Ohira S, 2019 [13]

Clinical Cohort (14,249 BIMA patients)

BIMA in 14,249 patients

Early outcomes of BIMA grafting were satisfactory regarding deep sternal wound infection and operative mortality.

Van den Eynde J, 2019 [12]

vs. 413 skeletonized IMA)

Clinical Cohort (1487 non-skeletonized

Skeletonized vs. Pedicled
BIMA in Diabetics

Skeletonization technique is associated with a clear reduction in the incidence and grade of sternal wound
complications in diabetic patients receiving BIMA grafts.

Zientara A, 2018 [32]

Clinical Trial

Skeletonized IMA: Ultrasonic
vs. Electro-scalpel

An ultrasonic scalpel provided better preservation of the endothelial layer and vessel wall integrity in
skeletonized IMA harvesting compared to conventional electrosurgery.

Lamy A, 2021
(COMPASS) [33]

Post-hoc RCT Analysis (1002 patients) Pedicled vs. Skeletonized IMA

Harvesting of the IMA during CABG surgery using a skeletonized technique was associated with a higher
rate of graft occlusion and worse clinical outcomes than the traditional pedicled technique.

Abfalterer H, 2024
(HARVITA) [34]

RCT Protocol

Pedicled vs. Skeletonized IMA

A published protocol for an ongoing randomized trial designed to compare graft function and clinical
outcomes; results are pending.

Abbreviations: IMA: Internal Mammary Artery; PVAT: Perivascular Adipose Tissue; NO: Nitric Oxide; BIMA: Bilateral Internal Mammary Arteries; RCT: Randomized Controlled Trial.
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3.3. Results and Findings
3.3.1. Clinical Context and Guideline Recommendations

The strategic importance of CABG and the pivotal role of the IMA are framed by large-scale comparative
outcomes research as mentioned above [1-5]. A pooled analysis of individual patient data by Head et al. [1]
demonstrated the long-term mortality benefit of CABG over percutaneous coronary intervention for complex
coronary artery disease. This evidence underpins the strong recommendations for CABG and IMA use in major
international guidelines, including the 2018 ESC/EACTS guidelines [2] and their subsequent 2022 review [3]. The
historical foundation for this practice was laid by a series of studies and the IMA as the conduit of choice was
cemented by long-term patency studies, such as the landmark report by Tatoulis et al. [S] on over 2000 arterial
grafts and the work on complete arterial revascularization by Buxton et al. [6]. The physiological superiority of arterial
grafts over saphenous veins, characterized by superior endothelial function and nitric oxide release, provides the
biological rationale for these clinical outcomes [7-9], as systematically classified by He and Yang [10].

3.3.2. The Surgical Dilemma of IMA Harvesting Technique

The method of IMA harvest—pedicled versus skeletonized—introduces a significant surgical dilemma,
balancing graft physiology against post-operative complications. Support of use of skeletonized IMA is based on
increasing the length of IMA [11] and reducing the risk of sternal wound complications [12,13], the latter was
supported by retrospective analyses such as Van den Eynde et al. [12], and large database studies like Ohira et al. [13].
The reduction of sternal devascularization is a key mechanism for this benefit. However, this advantage may come
at a physiological cost. The IMA is a heterogeneous structure, as detailed by Sahar et al. [14], although other
studies showed that skeletonization does not affect IMA wall integrity [15] or early vasoreactive profile [16]. It
should be realized that there is lack of large multi-center clinical trials on the comparison of harvesting technique
as to pedicled versus skeletonized. The above early studies were conducted in small clinical samples and therefore
no definitive conclusions could be made.

3.3.3. The Functional Role of PVAT

The critical discovery that reconciles these observational findings is the recognition of PVAT as a dynamic,
vasoactive organ. Lohn et al. [17] and Gollasch [18] identified PVAT as a source of a potent “vascular relaxing
factor”. This factor comprises a cocktail of mediators, including the adipokine adiponectin, identified as a novel
humoral vasodilator by Fésiis et al. [19], and leptin, which Momin et al. [20] showed acts as an endothelium-
independent vasodilator in human coronary disease. Further research identified hydrogen sulfide (HzS) as a key
PV AT-derived vasodilator [21], along with various prostanoids [22]. The translation of these findings to the human
IMA was pivotal. Gao et al. [23] demonstrated that IMA-PVAT exerts a potent anticontractile effect. This was
confirmed by Malinowski et al. [24], who crucially identified that this effect is largely independent of nitric oxide
and prostacyclin. The clinical relevance of this physiological finding has been powerfully supported argued by
Numaguchi et al. [25], who suggested preserved PVAT around the IMA appears to be protected from
metaflammation and consecutive adipose tissue remodeling, which may contribute to the decreased atherosclerotic
plaque burden in the ITA. Our most recent study [26] has clearly demonstrated that PVAT significantly enhanced
AdipoRon and A23187-induced relaxation. This effect was partially independent of NO and endothelium. A23187
stimulated adiponectin release from PVAT. The vasodilator effect of the PVAT on the IMA is particularly
clinically relevant given the common clinical need for pharmacological vasodilators like papaverine and glyceryl
trinitrate-verapamil to manage graft spasm [35].

3.3.4. Modern Surgical Techniques and Graft Assessment

Contemporary surgical practice has evolved with techniques aimed at minimizing invasiveness and
improving outcomes. Niinami et al. [28] reported excellent long-term results with off-pump CABG using
exclusively in-situ arterial grafts. Graft patency remains the ultimate metric, with prospective studies like that of
Zhao et al. [29] comparing novel conduits to the pedicled IMA. The adoption of robotic surgery is advancing
rapidly, with Fu et al. [36] reporting on large series of robotic-assisted multivessel CABG, Jung et al. [37] on
clipless harvesting techniques, and Nisivaco et al. [38] comparing left versus right IMA use in totally endoscopic
surgery. These advanced techniques are detailed in comprehensive surgical guides [39]. The method of
skeletonization itself impacts the vessel; Zientara et al. [32] showed that low-thermal-damage devices better
preserve endothelial integrity than conventional electrosurgery. The vascular redox environment, including factors

https://doi.org/10.53941/icirculation.2026.100004 6 of 15



He iCirculation 2026, 1(1), 4

like tetrahydrobiopterin, is crucial for maintaining endothelial function [40]. The clinical application of
skeletonized IMAs for complex, sequential grafting has been extensively documented by Ji et al. [41-43].

3.3.5. Vasodilator Strategies and PVAT in Pathological States

Given the inherent risk of graft spasm, especially in skeletonized conduits, the use of vasodilator solutions is
a critical intraoperative consideration. Studies have compared the efficacy of various agents, including
nitroglycerin-verapamil solutions in the IMA [35,44] and skeletonized IMA graft preparation in which nifedipine,
cilnidipine, and diltiazem were used [45]. Further, the function of PVAT is not static and is adversely altered in
disease states. Cybularz et al. [46] found impaired endothelial function and gene expression in IMA-PVAT from
obese patients with coronary artery disease. The pursuit of optimal revascularization strategies continues, with
investigations into complete arterial revascularization using bilateral IMAs in various configurations, including T-
grafts and in-situ arrangements [47—52], and the use of composite Y-grafts [53]. The composition of the IMA wall
itself, influenced by factors like dietary fatty acids, can also affect its vasodilatory capacity [54].

3.3.6. Sternal Complications and Graft Configurations

Sternal healing with pedicle versus skeletonized IMA is one of the major concerns for IMA grafting. A
significant driver for the skeletonized technique is the reduction of deep sternal wound infection (DSWI),
particularly in bilateral IMA grafting. This is supported by multiple studies [12,55,56], which confirm the
association between pedicled harvesting of bilateral IMA and increased sternal risk. Interestingly, in a classical
study [55], we conclude that bilateral IMA grafting does not increase operative mortality in properly selected
patients. However, this procedure should be carefully chosen in elderly (>70 years) patients and for emergency
operations. Further, obese patients have a high risk for sternal infection after bilateral IMA grafting [55].

Other technical adaptations have also been proposed to reduce this risk [56]. Preoperative patient factors,
such as the SYNTAX score, can influence graft patency outcomes [57]. While concerns existed that
skeletonization might damage the arterial neural network, Gaudino et al. [58] found that innervation is largely
preserved. It was also demonstrated that metabolic demand can override the potential difference in sympathetic
vasoconstriction in both pedicled and skeletonized ITA grafts [S9]. The safety of skeletonization has also been
demonstrated in other arterial conduits, such as the radial artery [60,61] and the gastroepiploic artery [62,63], with
studies showing preserved endothelial function and good clinical results.

3.3.7. Graft Flow, Patency, and Endothelial Function

Early graft function is often assessed by flow measurement. A randomized study by Mannacio et al. [31]
found that skeletonization of the left IMA, beyond traditional proven advantages, provided significantly higher
flow capacity and better graft flow reserve. On the other hand, the pedicled IMA remains a versatile graft, useful
in complex scenarios like reoperative surgery [64], and its function can be assessed postoperatively with echo-
Doppler [65]. The long-term patency of arterial grafts is influenced by factors such as competitive flow [66] and
the preservation of endothelial function over time [67]. The use of other pedicled arterial grafts, such as the right
gastroepiploic artery, further expands the options for total arterial revascularization [68]. Technical reports on the
use of bilateral IMAs in robotic-assisted surgery via lateral thoracotomy also highlight its versatility [69].

3.3.8. Basic Research on Molecular Mechanisms and Recent Breakthrough Evidence of PVAT

The molecular understanding of PVAT’s function has deepened substantially. Margaritis et al. [27]
demonstrated that PVAT-derived adiponectin activates endothelial NO synthase in human vessels via a caveolin-
1-mediated mechanism, a pathway detailed by Cheng et al. [70]. The vasodilatory role of leptin, involving distinct
endothelial mechanisms, was further elaborated [71]. Beyond adipokines, it has been reported that PVAT
modulates vascular function through endothelium-dependent mechanisms involving hydrogen peroxide [72] and
hydrogen sulphide (H,S) [73]. The anticontractile effect of PVAT, identified in rat models [74] is a conserved
physiological phenomenon. However, this benefit is vulnerable to dysfunction, as seen in diabetes, where PVAT
promotes NADPH oxidase activity [75], and in hyperhomocysteinemia, which impairs PVAT function [76]. The
most recent and direct evidence comes from our study [26] that demonstrated in an ex vivo human IMA study that
pedicled IMA grafts, with preserved PVAT, have a significantly superior antispastic profile compared to
skeletonized grafts. We further found that epoxyecosatrienoic acids (EETs) act as PVAT-derived relaxing factors,
and their pathway is a target for therapeutic restoration in dysfunction [77]. Others also found that PVAT correlates
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to coronary atherosclerosis [78]. Figure 2 illustrates the characteristics of pedicled vs. skeletonization of IMA
grafts with emphasis on the role of PVAT.

- Skeletalized
Graft

SKCa/IKCa
Channel

() i
® .:O :...
L W A )

Figure 2. Illustration of the characteristics of pedicled vs. skeletonization of IMA grafts with emphasis on the role
of PVAT. PVAT releases a number of vasorelaxant substances including nitric oxide (NO), adiponectin, and others.
The pedicled IMA has intact surrounding PVAT that may release those vasorelaxant substances and therefore is
in favor of protection of the relaxation with antispastic role of the IMA grafts (Adapted with permission from
Ref. [26], Copyright 2025, Elsevier). Abbreviations: CABG, coronary artery bypass grafting; AC, adipose cell;
VSMC, vascular smooth muscle cell; EC, endothelium cell; PVAT, perivascular adipose tissue; ADRFs, adipose-
derived relaxing factors; IMA, internal mammary artery; NO, nitric oxide; K*, potassium; eNOS, endothelial nitric
oxide synthase; AMPK, AMP-activated protein kinase; APPL1, adaptor protein, phosphotyrosine interacting with
PH domain and leucine zipper 1; sGC, soluble guanylate cyclase; cGMP, cyclic guanosine monophosphate; PKG,
protein kinase G; MLC, myosin light chain; MLCP, myosin light chain phosphatase; EDHF, endothelium-derived
hyperpolarizing factor; SKCa/IKCa, small/intermediate conductance calcium-activated potassium channels; BKCa,
large-conductance calcium-activated potassium channel; Kv, voltage-dependent K* channel; VSMC, vascular
smooth muscle cell; L-NNA, NG-Nitro-L-arginine; ROCK2, Rho-associated coiled-coil-containing protein kinase
2; PKC, protein kinase C.

3.3.9. Clinical Outcomes and the Current Equipoise

The translation of these physiological advantages into clinical outcomes is the subject of ongoing research.
An early study by Calafiore et al. [30] suggested that the use of skeletonized BIMA conduits allowed surgeons to
increase the number of bilateral IMA anastomoses per patient with a lower rate of sternal wound complications
and angiographic results similar to those obtained with pedicled BIMA conduits, and the conclusion is supported
by Takami et al. [79]. They concluded that compared with pedicle harvesting, complete skeletonization of IMA
may make it possible to anastomose an ITA with a larger diameter in coronary artery bypass grafting, which leads
to increased graft flow by decreasing vascular resistance. Dalén M et al. in a recent study [80] found no significant
differences in all-cause mortality or major adverse cardiovascular events rates between the 2 ITA harvesting
methods. The most important study in a large-scale post-hoc analysis of the COMPASS randomized clinical trial
in 1002 patients by Lamy et al. [33] found that harvesting of the IMA during CABG surgery using a skeletonized
technique was associated with a higher rate of graft occlusion and worse clinical outcomes than the traditional
pedicled technique. They also suggested that future randomized clinical trials are needed to establish the safety
and patency of the skeletonized technique. Fortunately, the ongoing, prospective HARVITA trial, as per its
published protocol [34], aims to provide a definitive randomized comparison between a skeletonized versus
pedicled technique.
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The IMA’s specific physiological properties, including increased contractility at the distal end and
bifurcations, inform optimal grafting strategy [81-83]. A recent study [84] reveals significant differences in PTM
crotonylation between human IMA and SV, shedding light on the biological mechanisms underlying the functional
disparities between these grafts and form a scientific basis for developing specific methods including new anti-
oxidative drugs and gene therapy to improve the long-term graft patency.

The late endothelial function of free versus pedicled IMA grafts has been studied, showing good preservation
in both [67] and the use of free graft of the right IMA was suggested [85]. Further, the use of both post-bifurcation
branches has been shown technically feasible and may be selectively considered for skeletonized conduits and
limited to non-LAD targets [86]. Skeletonization of the radial artery has been associated with improved
angiographic results [61], and the use of only pedicled arterial conduits has been reported even in specific
populations like Kawasaki disease patients [87].

Bilateral skeletonized IMA grafting in off-pump surgery has shown good early results [53], and coronary
bypass using only in-situ bilateral ITAs and the gastroepiploic artery has been demonstrated to be feasible [88].
Skeletonization of the gastroepiploic artery in off-pump surgery also shows good early results [63], and the use of
the right IMA and saphenous vein when the left IMA is unavailable has been studied with flow measurement [89].

The use of multiple arterial grafts did not seem to increase the incidence of early in-hospital major
complications [90]. A recent report revealed a decreasing trend in the use of off pump in the UK since 2008. This
is likely to be multifactorial and raises the question of whether it should be a specialized revascularization
technique [91].

It should be mentioned that due to heterogeneity in patient populations, advances in surgical techniques over
time, and differences in outcome definitions and measurement techniques, the results from various studies may
not be consistent. Large clinical trials may solve such problems in the future.

3.3.10. IMA Graft Spasm and Strategy to Overcome Spasm in Pedicled and Skeletonized IMA

A report indicated that among 5762 patients who underwent isolated CABG, 7 patients (0.12%) experienced
refractory spasm of coronary arteries and grafted conduits, including the left IMA, and an additional 18 patients
(0.31%) experienced perioperative vasospasm of a single coronary artery or of a grafted conduit [92]. This suggests
that the confirmed perioperative vasospasm in coronary arteries or grafts is approximately 0.43% (25 of 5762
patients) in all CABG surgery. It is possible that clinically the real incidence of IMA spasm is higher than this
because some transient or less severe spasm may not be recorded in the ICU. This fact evoked a clinical need for
anti-spasm treatment in the IMA graft.

Early studies [93,94] on pharmacological antispastic agents derived a large variety of methods. The search
for the best pharmacological methods to overcome IMA spasm has been continued [95-115] with many new
pharmacological vasorelaxant agents such as new calcium channel blockers developed. The pharmacological
mechanism to relax the IMA varies, with some of these agents that are endothelium-dependent. The effect of new
generations of calcium channel blockers on the IMA relaxation such as amlodipine [105], cilnidipine [108],
azelnidipine [103], benidipine [101], efonidipine [95] has been investigated. New protocols by using combination
of vasodilators such as nicardipine and nitroglycerin cocktail [109], fasudil and nitroglycerin cocktail [97]. Fasudil
and isosorbide dinitrate cocktail [110] has been reported and some of those have been used clinically [111]. Finally,
AVE3085, an enhancer of endothelial NO synthase has been studied on its endothelial protection in the IMA
[112,113,115]. Because those pharmacological agents may have dual mechanisms with direct relaxation of IMA
and indirect relaxation through stimulating NO release, whether the preservation of PVAT in the pedicled IMA
grafts may facilitate the NO release requires further clarification. Nevertheless, with PVAT preservation, its
antispastic role in the IMA has been well demonstrated.

3.3.11. Future Research Directions

Although the preservation of PVAT may reduce the incidence of spasm of the IMA graft, to eliminate the
possible spasm it is necessary to use vasodilators for antispastic purposes. This is a continuing work in the future
to find the best vasodilators for use during the harvesting as well as during the perioperative period. Further, when
bilateral IMAs are used, to avoid or reduce possible sternal infection particularly in the obese patients,
skeletonization techniques may be applied. Under such circumstances, it may be necessary to develop more
effective antispastic methods for the skeletonized IMA grafts.
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4. Summary and Conclusions

In summary, the cumulative weight of the evidence demonstrates that the perivascular adipose tissue of the
IMA is a potent source of vasoactive mediators that confer a robust, multi-mechanistic defense against vasospasm.
The pedicled harvesting technique, by preserving this bioactive PVAT layer, maintains the graft’s innate
antispastic capacity, powerfully supported by recent direct clinical comparison. While the skeletonized technique
in BIMA grafting is indispensable for reducing sternal wound complications in high-risk patients, the physiological
evidence firmly establishes the pedicled IMA as the benchmark for optimal graft function from an antispastic
perspective. Therefore, the choice of harvesting technique should be a deliberate, patient-specific decision that
weighs the demonstrated physiological benefits of an intact PVAT-IMA unit against the individual’s risk profile
for sternal complications and length requirement. Future research should focus on strategies to protect PVAT
function in comorbid states and on long-term patency outcomes from randomized clinical trials.
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