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Objective The purpose of this article is to review and integrate the available literature
in different fields to gain a better understanding of the basic physiology and optimize
vascular delay as a reconstructive surgery technique.

Methods A broad search of the literature was performed using the Medline database.
Two queries were performed using “vascular delay,” a search expected to yield
perspectives from the field of plastic and reconstructive surgery, and “ischemic
preconditioning,” (IPC) which was expected to yield research on the same topic in
other fields.

Results The combined searches yielded a total of 1824 abstracts. The “vascular delay”
query yielded 76 articles from 1984 to 2011. The “ischemic preconditioning” query
yielded 6534 articles, ranging from 1980 to 2012. The abstracts were screened for those
from other specialties in addition to reconstructive surgery, analyzed potential or
current uses of vascular delay in practice, or provided developments in understanding
the pathophysiology of vascular delay. 70 articles were identified that met inclusion
criteria and were applicable to vascular delay or ischemic preconditioning.
Conclusion Anunderstanding of IPC’s implementation and mechanisms in other fields
has beneficial implications for the field of reconstructive surgery in the context of the
delay phenomenon. Despite an incomplete model of IPC’s pathways, the anti-oxidative,
anti-apoptotic and anti-inflammatory benefits of IPC are well recognized. The activation
of angiogenic genes through IPC could allow for complex flap design, even in poorly
vascularized regions. IPC’s promotion of angiogenesis and reduction of endothelial
dysfunction remain most applicable to reconstructive surgery in reducing graft-related
complications and flap failure.

The delay phenomenon, also referred to as vascular delay or
ischemic preconditioning, describes the observation that a
tissue rendered partially ischemic will undergo neovascula-
rization and enhance its vascularity. The field of reconstruc-
tive surgery uses this phenomenon to facilitate the survival of
flaps. When employed, the delay phenomenon has been
shown to promote flap survival, increase the length-to-
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breadth ratio in random pattern flaps, and ensure the reliable
transfer of larger volumes in axial pattern flaps.'

Though there were earlier reports of attempts at vascular
delay in nasal reconstruction,> the Renaissance surgeon
Gaspar Tagliacozzi is commonly accredited with the discovery
as he popularized vascular delay in upper arm flaps in his
1597 work De Curtorum Chirurgia per insitionem.>” S. H.
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Milton was the first to design experiments to study the delay
phenomenon in 1969. He demonstrated in a porcine model
that a 2-week delay optimized flap survival, and that survival
is dependent on vascular supply instead of the length-to-
width ratio as previously thought.®® Simultaneously, M. B.
Myers isolated the optimal delay time to 8-10 days in rabbits
undergoing bipedicled skin flaps.?

More recently, the delay phenomenon has become a topic of
increasing interest in other medical fields under the term
“ischemic preconditioning” (IPC). Heart and vascular-related
fields in particular have contributed much of the recent litera-
ture devoted to unraveling the pathways involved. Although the
mechanism remains unclear, significant research efforts have
focused on revealing the underlying basic science at the cellular
and metabolic levels. The purpose of this article is to review and
integrate the available literature in different fields to gain a better
understanding of the basic physiology and optimize vascular
delay as a reconstructive surgery technique.

Methods

A broad search of the literature was performed using the
MEDLINE database. Searches cutoff date was January 4, 2012.
The MEDLINE database was initially searched using the query
“vascular delay,” a search expected to yield perspectives from
the field of reconstructive surgery. A second query was
performed in the Medline database using the keyword “is-
chemic preconditioning,” which was expected to yield re-
search on the same topic in other fields.

Results

The combined searches yielded a total of 1824 abstracts. The
“vascular delay” query yielded 76 articles from 1984 to 2011.
The “ischemic preconditioning” query yielded considerably
more results. Ultimately, 6534 articles were produced by this
search, ranging from 1980 to 2012. The search results were
restricted to recent literature to assess for modern applica-
tions of the delay phenomenon across disciplines. The first
200 articles from the second query in addition to the 76
yielded from the first were assessed. The abstracts were
screened for those written in English which provided per-
spectives across specialties in addition to reconstructive
surgery, analyzed potential or current uses of vascular delay
in practice, or provided developments in understanding the
pathophysiology of vascular delay. 70 articles were thereby
identified that met inclusion criteria. All articles included
were applicable to vascular delay or ischemic precondition-
ing, depending on specialty.

Discussion

Vascular Delay - Reconstructive Surgery Perspective

Vascular delay is a technique widely used to enhance the
vascularity of an existing flap. It takes advantage of the
tissue’s ability to neovascularize under ischemic conditions,
and manipulates the vascular supply to fit the appropriate
pattern for flap design. It is especially useful in creating a
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strong axial blood supply where none previously existed.
Clinical research demonstrated that vascular delay increases
flap survival significantly and allows for earlier divisions of
pedicle.’® One study demonstrated that vascular delay in
flaps improved survival 2.5-3 times over the control."’

Biomechanics of Vascular Delay

Vascular delay affects the target tissue in two phases - early
and late. Early effects derive predominantly from transection
of sympathetic fibers leading to dilation and reorientation of
choke vessels. The late phase effects lead to enhanced flap
vascularity due to new vessel growth.

The early phase is characterized by three findings: changes
in sympathetic tone, dilatation and reorientation of choke
vessels, and alterations of metabolic pathways (~Fig. 1).12
During the initial flap dissection, the transected sympathetic
nerves release norepinephrine into the tissue, leading to a
hyperadrenergic state. This sudden catecholamine infusion
can constrict the blood vessels up to 30 hours, amplifying the
early ischemic state.'> When the severed nerve endings are
depleted of these neurotransmitters, the hyperadrenergic
state resolves leading to a reactive vasodilation and increased
blood flow.'*'® For unclear reasons, vascular delay also leads
to hyperplasia and hypertrophy of cells making up the vessel
walls.'® This enlargement occurs most rapidly within the first
48 to 72 hours of ischemia, and is entirely independent of the
vascular tone."” Concurrently, the choke vessels reorient
along the long axis of the flap, thereby enhancing blood
supply to regions of the flap most prone for necrosis.'®

The early metabolic effects of vascular delay were first
demonstrated in canine models which showed a 70% reduc-
tion of infarcted myocardium in dogs who underwent ische-
mic preconditioning via temporary clamping of the vascular

Figure 1 The early phase of vascular delay. In the early phase, choke
vessels reorient themselves, changes occur in sympathetic tone to
promote vasodilation, and the velocity of blood flow increases.
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supply.'® Later studies revealed that this protective effect is
biphasic - a strong protection 2-3 hours after the original
ischemic stimulus followed by a weaker protection lasting
48-96 hours.”’ Wan et al's murine model demonstrated
similar effects in latissimus dorsi flaps.?' Preconditioned
tissues exhibited reduced energy requirements,'® fewer re-
active oxygen species,?? improved electrolyte homeostasis,?>
and reduced apoptosis.?*

The late phase effects involve prolonged changes in tissue
metabolism and neovascularization (=Fig. 2). Vascular delay
creates an imbalance between vasodilating (prostaglandin
E2) and vasoconstricting (prostaglandin F2, thromboxane)
metabolites.'? Murry found that subsequent elevation of a
delayed flap leads to a blunted vasoconstrictor response, and
an elevated vasodilator response, when compared with an
undelayed flap. This is thought to minimize ischemic injury
and enhance flap survival.'?

Most of the long-term benefits of vascular delay, however,
derive from neovascularization of the flap. Although the
debate regarding mechanisms of neovascularization is ongo-
ing, most agree that new vessels grow by two methods:

Angiogenesis
and Vasculogenesis

Figure 2 The late phase of vascular delay. The late phase is charac

terized by neovascularization in the form of both angiogenesis
and vasculogenesis.
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angiogenesis and vasculogenesis.12 Angiogenesis refers to
the sprouting of new vessels from a preexisting vascular
network. Vasculogenesis refers to in situ formation from
bone-marrow-derived endothelial progenitor cells.'? Vascu-
lar delay induces neovascularization by both methods: an-
giogenesis via increased production of angiogenic growth
factors,?> and vasculogenesis via recruitment of bone-mar-
row derived endothelial stem cells.'” In addition, vascular
delay is found to have anti-inflammatory effects by altering
function of neutrophils.2®

Indications and Applications

The benefits of vascular delay are currently achieved with
either the surgical or chemical decrease of blood flow to the
flap. Surgically, the major vessels supplying the proposed flap
are ligated to increase peripheral vascularity or the perimeter
of the flap is divided to bolster flow from the pedicle’s base.'?
The transverse rectus abdominis musculocutaneous (TRAM)
flap serves as a common example where the delay phenome-
non is employed. One surgical technique involves ligation of
the superficial and deep inferior epigastric vessels two weeks
prior to raising the flap for the proposed reconstruction,
resulting in increased arterial pressure and decreased venous
congestion in the flap.?’ Blood flow restrictions can also be
achieved via the selective embolization of the deep inferior
epigastric arteries to similar improve perfusion of the TRAM
flap.?® Chemical delay has also been described. The adminis-
tration of human VEGF has been demonstrated to similarly
induce angiogenesis in TRAM flaps prior to use in reconstruc-
tion.?° Regardless of the method of delay, the delayed flaps
experience a decrease in fat necrosis and partial flap loss
compared with flaps which were not delayed.

Historically, these tissue transfers have been performed
with low rates of flap loss and complications. Vascular delay
can further decrease these complications and also increase
the number of candidates with vascular co-morbidities which
would otherwise be restricted from surgery or be higher-risk
patients. Patients with varying degrees of vascular compro-
mise include those with radiated tissue, crush injuries, burns
or otherwise traumatized tissues. Similarly, vascular delay
benefits smokers, obese patients, and diabetics.3? Patients
who had previously undergone surgery to the proposed flap
region with scarred tissue and disrupted vessels are also
candidates for vascular delay to increase the vascularity of
the tissue.

Beyond addressing vascular insufficiencies, the delay phe-
nomenon has also been used in patients with insufficiently
available tissue such as small children or burn patients.'-3?
By delaying and expanding free flaps prior to transfer, the
delay phenomenon increases the amount of well-perfused,
viable tissue available as well as to improve the tissue’s
condition at the donor site to facilitate primary closure.

Ischemic Preconditioning - other
Perspectives

The delay phenomenon is commonly known as “ischemic
preconditioning” (IPC) in fields outside of plastic and
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reconstructive surgery. It is a topic of great interest as its
protective effect has therapeutic potentials for various organs
of the body. Recent research in cardiology and hepatology
contributed most of the current knowledge in the metabolic
influence of IPC. Major signaling pathways, including
MAPK,?> PKC,?3 Akt-eNOS'? and JAK-STAT,>* have been linked
to the anti-oxidative, anti-inflammatory and angiogenic ef-
fects of IPC, which originate at a molecular level by altering
gene transcription. An extensive literature review was con-
ducted aiming to integrate the research findings across
medical specialties. This review consistently revealed two
major benefits - diminished ischemia/reperfusion injury, and
enhanced tissue regeneration.

Diminished Ischemia]Reperfusion Injury

The primary pathogenesis of ischemia/reperfusion injury
involves an overactive inflammatory response> production
of reactive oxygen species,36 and subsequent activation of the
apoptotic pathway.3’ Cardiology is one of the earliest spe-
cialties to recognize the potentially therapeutic effects of
ischemic preconditioning. As early as 1986, Murray demon-
strated the cardioprotective effects of IPC in canine models.'?
A later study revealed that IPC preserves mitochondrial
structure in cardiac myocytes, thereby minimizing oxidative
injury.3® Specifically, this factor activates signaling pathways
that affect the mitochondrial permeability transition pores
(mPTP) and the ATP-dependent K channels (mitoI(ATP).39
Research in neurology found that IPC opens mitochondrial
ATP-dependent K+ channels thereby inhibiting the formation
of the mPTP - a key step leading to cell death. In addition,
animals models showed that IPC may directly downregulate
apoptotic gene activation.*°

IPC reduces the levels of proliferating cell nuclear antigen
labeling index (PCNA-LI) and immunoreactivities to protein
kinase B (Akt) and caspase-9, which regulate the mitochon-
drial apoptosis pathways.*' This protection may be related to
transcription levels of c-fos and cjun. These two proteins in
combination form activator protein-1 which regulates differ-
entiation, proliferation and apoptosis.*?

[PC modulates systemic immune reaction by inhibiting
leukocyte activation with suppression of myeloperoxidase
levels and nitric oxide-related oxidative-inflammatory path-
way.*? Studies supporting this theory indicate that IPC in-
creases serum concentrations of IL-6, IL-8, IL-10, TNF-a, LDH,
CK and Tnl, decreases cytokine release and heart enzyme
leakage, increases expression of heat shock protein 70, and
lowers malondialdehyde (MDA) and superoxide dismutase
(SOD).** Lowering MDA accumulation advances the expres-
sive phase of surviving protein in hepatic tissue and improves
cellular function, particularly in the liver.**

Other implicated pathways include phosphorylation of
ser727-STAT3,%® HSP-70 and HDj1 (heat shock proteins),
reduction of ubiquitin levels after IPC,*” and TRIF-IRF3 sig-
naling.*® Indeed, IPC has been shown to downregulate the
pro-inflammatory TLR (toll-like receptor) signaling pathway,
reducing inflammation that causes brain injury.49 IPC reduces
neutrophil activation through reduced expression of neutro-
phil CD11b and platelet-neutrophil complexes.>®>' (~Fig. 3)
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Figure 3 The interplay of major signaling pathways in ischemic
preconditioning. Multiple major signaling pathways are implicated on
amolecular level in ischemic preconditioning to ultimately produce an
anti-oxidative, anti-inflammatory and angiogenic effect. These fea-
tures promote the rapid regeneration of affected tissues and diminish
ischemia/reperfusion injury.

Enhanced Tissue Regeneration

IPCis also found to encourage tissue regeneration. In addition
to diminishing oxidative injury, stabilization of mitochondria
also ensures continuous availability of ATP and sustained
aerobic metabolism.>? IPC doubles the levels of myocardial
ATP as compared with controls after aortic clamping proce-
dures.”3 Hepatology studies revealed that IPC increase levels
of cyclin D1 during early ischemic reperfusion and may
enhance hepatocyte proliferation.’*>> IPC also appears to
be a potent activator of angiogenic genes and promote stem
cell survival.”’®> It induces overexpression of VEGF - crucial
for angiogenesis - in cholangiocytes after liver autotrans-
plantation in rats.** Remote IPC modulates hepatic microcir-
culation and endothelial function through heme oxygenase-1
(HO—]).58‘6° On a larger scale, IPC prevents post-ischemic
flow reduction of the portal vein and increases arterial
perfusion.?’ These findings are consistent with late phase
benefits seen in muscle flaps as discussed earlier. (~Fig. 3)

Other Organ Specific Effects

Heart
Shimizu et al uncovered a <15 kDa hydrophobic circulating
factor (or factors) induced by IPC with characteristics of the
“cardioprotective factor.”®?> Some implicated factors include
cardiac enkephalins,®> p38 MAP-kinase,®4%> and glycogen
synthase kinase (GSK-3).%6

Guo et al demonstrated the dual role of cytokine-induc-
ible, nitric oxide synthase (iNOS) as a mediator of myocardial
ischemia/reperfusion (I/R) injury. It is found to be protective
in cardiomyocytes but deleterious in peripheral red blood
cells.®” The implications of this finding in the IPC setting
remain to be seen. Similarly, endothelial nitric oxide synthase
(eNOS) appears to bind to heat shock protein 9 (Hsp9) to
induce the cardioprotective IPC effect.5®
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Clinically, Gao et al showed that the ideal sequence for
maximizing the benefits of IPC is one day of remote IPC
followed by a one-day interval before surgery.%® Research
from cardiothoracic surgery determined that IPC must last at
least two minutes to confer a benefit to the patient.”® IPC
reduces the release of CK-MB following CABG and stimulates
left ventricular HSP-72 protein expression.”! The ischemia
must be sustained continuously as intermittent ischemia
does not provide cardioprotection nor does it incite changes
in cytokine levels.”?

There are conflicting reports regarding IPC's ability to
reduce procedure-related cardiac troponin I release or to
protect the lungs.”? Lin et al demonstrated that by reducing
lipid peroxidation and systemic inflammatory responses, IPC
is protective of the lungs.”* Another study indicated that in
children, remote IPC significantly lowered postoperative
airway resistance.””

Gastrointestinal System

Despite its protective effects in the liver, IPC demonstrated
inconsistent results in delayed intestinal procedures. One
study demonstrated no protective effects in colonic anasto-
mosis.”® Another study showed a reduced injury risk by
mesenteric ischemia through a mechanism involving PKC
inhibition.”” Remote IPC is preferential to local IPC in many
cases - remote IPC eliminates the anastomotic instability seen
in small bowel surgeries with local IPC.”8 IPC directly prior to
performing a small bowel anastomosis has a time-dependent
beneficial effect on anastomotic stability.”®

Urinary System

The research on IPC in urology and nephrology mirrors that
found in other fields. The proposed key players are adenosine,
bradykinin and cannabinoids as potential humoral mediators
in IPC's over anti-inflammatory effects. As in cardiology, the
ATP-sensitive K channel appears to be critical.®® Unlike in the
intestine, effects of IPC are not related to heme oxygenase-1
induction or neural transmission in the kidney. Renal IPC is
associated with local and systemic protection.®! Cardiotho-
racic research notes IPC effect on endothelial function, as in
other fields. In rats, IPC reduced fibrosis and a-smooth muscle
active expression in kidneys 15 days after reperfusion.®?
However, IPC did not provide endothelial protection in the
kidneys of children.*3

Conclusion

The field of reconstructive surgery can benefit greatly from an
understanding of the discoveries in ischemic preconditioning
in other fields in the context of the delay phenomenon. While
the current understanding of ischemic preconditioning
leaves many questions unanswered, a model of IPC’s path-
ways and effects are becoming clearer with the collective
knowledge from other medical fields. IPC is well established
in its promotion of anti-oxidative, anti-apoptotic and anti-
inflammatory effects. Similarly, IPC’s angiogenic potency and
humoral mediation of the immune system via biochemical
mediators are consistently recognized.
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The angiogenic potentiating effect seen across the fields in
IPC, of course, remains a hallmark of reconstructive surgery’s
interest in this phenomenon. Promoting angiogenesis via IPC
is a useful tool to promote flap survival and reduce graft-
related complications. IPC’s activation of angiogenic genes
has extensive implications for flap design, particularly in
poorly vascularized regions. Furthermore, IPC's ability to
reduce endothelial dysfunction is useful in enhancing and
protecting the microcirculation of flaps. Interestingly, IPC’s
ability to reduce rejection rates in liver grafts may have
applications in non-autologous implants and transplants.
The implementation of IPC stands to leave a major mark on
reconstructive surgery, opening the door for previously un-
feasible flap designs secondary to improved vascularity and
enhanced clinical outcomes.
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