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Abstract
Background. Postoperative monitoring of deep inferior epigastric perforator (DIEP) flaps for breast reconstruction using
noninvasive tissue oximetry enables timely recognition of vascular compromise. This may limit ischemic tissue damage,
minimizing postoperative morbidity and healthcare costs. The aim of this review was to provide an economic analysis of
tissue oximetry for postoperative monitoring of DIEP flap breast reconstruction.Methods. A systematic literature search
was conducted utilizing PubMed and Embase. Articles reporting costs related to tissue oximetry following DIEP flap
breast reconstruction, costs directly related to DIEP flap surgical procedure, and costs associated with postoperative
complications were included. Risk of bias was assessed using different tools depending on study type. Results. Six articles
were included. Four studies provided an overview of total costs associated with DIEP flap breast reconstruction; two
studies focused on whether tissue oximetry could facilitate a decrease in hospital costs. Average overall costs for DIEP
flap procedure were estimated at $28 000, with additional costs up to $37 530 in case of total flap failure. Tissue oximetry
to monitor DIEP flaps could potentially save up to $1667 per procedure. Moreover, it might eliminate the need for
specialized postoperative care. Conclusion. Tissue oximetry following DIEP flap breast reconstruction can potentially
facilitate a decrease in hospital costs since its readings enable physicians to intervene in an early stage of tissue
malperfusion, contributing to minimizing complications. Tissue oximetry may eliminate the need for specialized
postoperative care. However, based on the current literature, no firm conclusions can yet be drawn regarding cost-
effectiveness of standard implementation.
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deep inferior epigastric artery perforator flap, free flap, autologous breast reconstruction, near-infrared spectroscopy,
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Introduction

The deep inferior epigastric artery perforator (DIEP) flap
is one of the most frequently used methods for autologous
breast reconstruction.1-3 Since the introduction of free flap
reconstruction and advances in microsurgical techniques,
flap viability has improved significantly, with reported
success rates around 98%.4,5,7 Nevertheless, circulatory
failure (5-25% of cases) appears as a relatively common
complication, necessitating reexploration in 5-7.5% of the
procedures and complete flap loss in 1.5-6% of cases.6-9

Salvage rates are inversely related to the time interval
between the onset of critical tissue oxygenation and
surgical intervention to restore local tissue perfusion.8,10

Hence, accurate and continuous monitoring of DIEP flaps
is an absolute necessity for timely detection of potential

flap failure, allowing surgical intervention in an early
stage.11,12 In a study by Creech and Miller, the charac-
teristics of the theoretically ideal monitoring technique
were defined as harmless to the patient, rapidly responsive,
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accurate, reliable, easy to use, and cost effective.4,13 De-
spite the introduction of various new monitoring techni-
ques, to date none of them fulfills all the above mentioned
criteria.4,14 Clinical observation of flap color, temperature,
and capillary refill remains the benchmark for assessing
flap viability, despite its obvious shortcomings in terms of
objectivity and continuity.14,15

Tissue oximetry proved to be a versatile clinical
monitor with various applications,16,17 including DIEP
flap monitoring.18 Noninvasive tissue oximetry uses near-
infrared spectroscopy (NIRS) to continuously assess re-
gional tissue oxygen saturation (StO2) based on the
modified Lambert-Beer law.9,15,19,20 Application of tissue
oximetry in free flaps enables early recognition of vas-
cular compromise before clinical symptoms of flap failure
become apparent.4,19,21,22 This may limit the extent of
ischemic tissue damage and its detrimental consequences,
such as wound problems, including deep tissue infection,
and fat necrosis.3,8 Tissue oximetry has proven to be
reliable, sensitive, accurate, and user friendly.2,4,8 Several
clinical studies indicated that tissue oximetry is a viable
monitor for this relatively new application. Nevertheless,
recent studies report that tissue oximetry could be rela-
tively expensive to implement in clinical practice and it is
used in less than 5% of DIEP flap procedures.4,14,23

The aim of this review was to provide an economic
analysis of tissue oximetry for postoperative monitoring
of DIEP flap breast reconstruction and whether inclusion
in routine monitoring protocols could be justified.

Methods

This review was written according to the Preferred Re-
porting Items for Systematic Review and Meta-Analysis
(PRISMA) statement for reporting systematic reviews.24

A systematic literature search was performed utilizing
the following databases: National Library of Medicine
(PubMed) database and Embase database (via OvidSP)
and completed in April 2020. For the PubMed database
search, various Medical Subject Heading (MeSH) terms
were used in combination with free search terms, as de-
picted in Table 1. There were no restrictions on language in

this review. Studies conducted other than on human
subjects, reviews, and studies published before 2010
were excluded. Detailed search queries are provided in
Appendix A.

For the Embase database, the following search strategy
was used: (Deep Inferior Epigastric Perforator flap OR
’’Mammaplasty’’ [Mesh] OR ’’Free Tissue Flaps’’ [Mesh]
OR ’’Perforator Flap’’ (Mesh] AND ’’Near-Infrared’’
[Mesh] Or Near-infrared spectroscopy OR NIRS OR
non-invasive infrared monitoring OR tissue oximetry
AND ’’Cost analysis’’ [Mesh] OR ’’Cost-Benefit Analy-
sis’’ [Mesh] OR Cost-Effectiveness). The same search
filters were used as in the PubMed search.

The literature search was performed by two researchers
(AL/VR) independently. Following removal of duplicates,
eligibility of the remaining articles was initially deter-
mined by screening the title. Subsequently, studies were
screened based on the abstract. Remaining studies were
screened by reading the full text; those that did not answer
the research question concerning the cost-effectiveness of
using NIRS followingDIEP flap surgery were excluded. In
case of disagreement between the aforementioned re-
searchers, a third researcher (NV) was consulted.

From the included studies, the following information
was retrieved: the surname of the first author, year of
publication, country of origin, objectives, study design,
study population, and documented costs.

Results

After conduction of the systematic literature search in the
aforementioned databases, 6 of 160 articles were eligible for
inclusion. See Figure 1 for the flow chart. Four studies
(2 prospective cohort studies and 2 cost analysis studies)
reported on costs related to the DIEP flap breast re-
construction. One study (a randomized controlled trial)
reported costs related to noninvasive tissue oximetry fol-
lowing DIEP flap surgery. Another study evaluated the use
of tissue oximetry to decrease intensive care unit (ICU)
monitoring for free flap breast reconstruction. Table 2 shows
the study characteristics. All studies were single center trials
and were conducted in either Europe or the United States.

Table 1. Search Strategy.

Category MeSH Term Free Search Term

#1: Population Mammaplasty, or free tissue flaps,
or perforator flap

Breast reconstruction OR Deep Inferior Epigastric Perforator flap OR DIEP-
flap OR Microsurgical Free Flap OR Free Flap OR Mammaplasty OR Free
Tissue Flaps OR Perforator Flap

#2: Intervention Spectroscopy or near-infrared Near-infrared spectroscopy OR NIRS OR noninvasive infrared monitoring
OR NIR spectroscopy, tissue oximetry

#3: Comparison Cost and cost analysis or cost–
benefit analyses

Cost OR Cost Analysis OR Cost-Benefit OR Cost-Effectiveness

Abbreviations: DIEP = deep inferior epigastric perforator; MeSH = medical subject headings; NIRS = near-infrared spectroscopy.
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Risk of Bias Within Studies

Two researchers independently performed the risk of bias
assessment using the Cochrane risk of bias tool for ran-
domized controlled trials, the quality assessment tool
for observational cohort and cross-sectional studies, and
a short checklist of Drummond for bias assessment of
the comparative cost analyses.26-28 Results of both re-
searchers were compared, and inconsistencies were dis-
cussed after which a uniform conclusion was made. An
overview of the bias assessment is depicted for each tool
independently in Tables 3-5 using multiple colors (online
version only). The green color depicts the judgment of
a low risk of bias, yellow a questionable risk of bias, and
red a high risk of bias. Some criteria were not applicable
on studies included in this review. Therefore, no score was
assigned in these criteria. The 2 comparative cost analysis
studies by Tran et al29 and Matros et al30 both scored an
overall “low risk of bias.” The prospective cohort study of
Lagares-Borrego et al1 and the retrospective observational
cohort study of Ricci et al31 scored a high risk of bias on 1
criterion (1 of 14 criteria) as well as the study of Pelletier
et al (1 of 7 criteria).25 Lastly, the study of Damen et al32

scored a high risk of bias on one criterion, and a ques-
tionable risk of bias on a second criterion (2 of 14 criteria).

Randomized Controlled Trial

For assessing quality of the randomized controlled trial of
Pelletier et al,25 the Cochrane risk of bias tool was used,
which consists of seven categories, as shown in Table 3.
The study scored a “high risk of bias” on the criterion
“blinding of outcome assessment” because the principal
investigator was informed about the choice of department
for postoperative stay of the patients.

Prospective Cohort Studies

The quality assessment tool for observational cohort and
cross-sectional studies from the National Heart, Lung, and
Blood Institute was used to assess the quality of the in-
cluded cohort studies (Table 4). The study of Damen
et al32 scored a questionable risk of bias on criterion four
(uniform eligibility criteria of subject groups) because one
of the surgical reconstructive techniques included in the
study was sparsely performed in the chosen time frame
(2002-2006). To provide a representative study sample,
they extended the inclusion period for this single tech-
nique with three years. Furthermore, both prospective
cohort studies1,32 did not provide any justification for their
sample size, nor include a statistical power calculation.

Figure 1. Flowchart of the used search strategy.
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Therefore, both studies were rated as “high risk of bias” on
this specific criterion.

Retrospective Observational Cohort Study

The quality assessment tool for observational cohort and
cross-sectional studies from the National Heart, Lung, and
Blood Institute was used to assess the quality of the
retrospective observational cohort study of Ricci et al31

(Table 4). The study scored a high risk of bias on criterion
5 (sample size). Due to the type of study, no sample size
justification or statistical power calculation was provided.

Cost Analysis Studies

To assess the quality of the cost analysis studies, the short
checklist by Drummond et al was used (Table 5). The
study of Tran et al29 as well as the study ofMatros et al had
an overall score of “low risk of bias.”30

Economic Analysis of Tissue Oximetry

Total costs for a DIEP flap procedure were calculated based
on many elements, including staff costs, costs for medi-
cation, and costs for utilizing the operating theatre in-
cluding all equipment and materials. For comparison
purposes, all costs were depicted in American dollars in this
study. Partially, due to different healthcare systems, costs of
a single DIEP flap procedure showed a widespread vari-
ation (Table 6), varying from $6454 in the Netherlands to
$69 094 in the United States of America and Canada.29,30,32

Likewise, a widespread variation in costs commencing
a successful bilateral DIEP flap surgery was observed,
ranging from $9478 in the Netherlands to $87 490 in the
United States of America and Canada.29,30,32

A large variance in overall costs across studies was
observed, which can be explained by differences in de-
partmental costs between countries. Costs for the oper-
ating theatre including equipment, but excluding costs for
personnel, and aesthesia were estimated to be $46 per hour
in the Netherlands, while in Spain, an amount of $848 per

hour was documented (included costs were not specified
in neither articles).1,32 Furthermore, depending on hos-
pital policy, patients were postoperatively transferred to
the ICU, recovery room, or general ward. Due to dif-
ferences in the extent of specialized nursing care and
monitoring, cost for patients staying on the ICU will be
higher compared to the ward. As shown in Table 7, mean
costs for ICU stay in the Netherlands were estimated to
be $66 per hour, $220 in Spain, and $302 in the United
States.1,25,30 On the contrary, cost for staying at the ward
varied between $22 in the Netherlands to $264 in the
United States.1,25,30

When complications occurred, previously mentioned
costs increased depending on the type and consequen-
ces of complication. Table 8 shows an overview of cost
related to DIEP flap failure. Concerning minor post-
operative complications, additional costs were estimated
to extend to $190 for partial skin necrosis and up to
$19 122 for infections requiring treatment with anti-
biotics.29,32 In case of total flap loss, a different type
of (autologous) transplant may be considered for the
breast reconstruction. Additional costs can amount up
to $37 530.29 Furthermore, patients with postoperative
complications have a prolonged length of hospital stay,
resulting in additional expenses varying between $7000
and $9000.1

The implementation of noninvasive tissue oximetry for
completion of standard monitoring routine entails addi-
tional costs. For example, as described by Smit et al,4

costs for a tissue oximetry device account $16 500, with
$150 for one disposable sensor. Nevertheless, according
to Pelletier et al, estimated savings of $1337.00 per
procedure could be obtained when NIRS would be im-
planted as the standard monitoring tool.25 In the study of
Ricci et al, they incorporated tissue oximetry into standard
postoperative monitoring protocol since June 2008. They
concluded that the use of tissue oximetry in the post-
operative phase reduced the amount of time spent in the
intensive care. Patients with continuous oxygen sensor
monitoring could be transferred to the ward after 15 hours
instead of 24 hours. This resulted in a significant decrease
of $1667 in costs per DIEP flap reconstruction.31

Discussion

This review focused on providing an economic analysis of
tissue oximetry for postoperative monitoring of DIEP flap
breast reconstruction and whether inclusion in routine
monitoring protocols could already be justified based on
the current literature.

Since the introduction of autologous breast recon-
struction, success rates have improved.4,6 Nevertheless,
circulatory failure for which reexploration is needed occurs
in approximately 5-7.5% of the procedures, resulting in
a total flap loss of 1.5-6%.6-9 Costs for DIEP flap surgery

Table 3. Cochrane Risk of Bias Tool for Randomized
Controlled Trials.

Risk of Bias Category Pelletier et al25

Random sequence generation LR
Allocation concealment LR
Selective reporting LR
Other bias LR
Blinding of participants and personnel LR
Blinding of outcome assessment HR
Incomplete outcome data LR

Abbreviations: HR = high risk; LR = low risk.
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are estimated to amount $28 000, with a widespread
variation between countries.1,25,30 Additional costs ac-
companying flap failure can extend to $37 530.29 In order
to limit or prevent these complications, timely detection of
vascular compromise is most essential.

Several studies described the added value of tissue
oximetry in postoperative flap monitoring.9,25 A timely
detection of possible flap failure and intervention when
applying tissue oximetry in the postoperative setting can

prevent a subset of complications, resulting in an increase
in flap salvage rate from 91-99%.15 In order to benefit
from the advantages of continuous monitoring using
tissue oximetry, inclusion of the measurement method in
the standard monitoring protocols is required. According
to Smit et al, costs for a tissue oximetry device account
$16 500, with $150 for one disposable sensor.4 Important
to note is that when using continuous monitoring, patients
may safely be transferred to the ward instead of the ICU in

Table 5. Assessment of Bias Following the Short Checklist of Drummond et al.

Criterion Question Matros et al30 Tran et al29

1 Is the research question stated? LR LR
2 Are the source(s) of effectiveness estimates used clearly stated? LR Not applicable
3 Are the primary outcome measure(s) clearly stated? LR LR
4 Are the methods for the estimation of quantities and unit costs described? LR LR

Abbreviation: LR = low risk.

Table 6. Overview DIEP Flap Surgery Related Cost.

DIEP Flap Surgery Matros et al30 Tran et al29 Damen et al32 a

Successful unilateral DIEP flap surgery $69 094 $10 237 $6458
Successful bilateral DIEP flap surgery $87 490 — $9478

Abbreviation: DIEP = deep inferior epigastric perforator.
aEuro converted into dollars by means of currency rate on May 01, 2020 (€1 = $1.10).

Table 7. Overview of Specific Departmental Costs per Hour.

Unit Damen et al32 a Lagares-Borrego et al1 a Pelletier et al25 a

Operating room, including equipment $46 $848 —

Ward $20a-$25 $35 $264
Intensive care unit $66 $220 $302

aEuro converted into dollars by means of currency rate on May 01, 2020 (€1 = $1.10).

Table 8. Overview of Additional Costs (US Dollar) Related to DIEP Flap Failure.

DIEP Flap Complication
Matros et al30 (Unilateral

Reconstruction)
Matros et al30 (Bilateral

Reconstruction)
Tran et al29 (Unilateral

Reconstruction)

Cellulitis — — $4374
Seroma — — $443
Skin necrosis — — $190
Flap revision for flap loss — — $7500
Flap revision for partial flap loss — — $7500
Flap revision for fat necrosis — — $7500
Flap loss (debridement) $26 818 $8422 —

Flap loss (tissue expander) $37 530 $37 530 —

Fat necrosis (debridement) $17 530 $17 530 —

Hematoma (drainage) $34 623 $8460 —

Infection (antibiotics) $19 122 $19 122 —

Infection (drainage) $34 623 $24 315 —

Abbreviation: DIEP = deep inferior epigastric perforator.
Price determined by the price of the complications minus the price of a successful surgery.
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the early postoperative period.25 This, in turn, may lead to
an estimated saving up to $1667 per unilateral DIEP flap
reconstruction.31

When interpreting the results of this review, some
limitations need to be taken into account. None of the
included articles reported on all types of costs associated
with DIEP flap surgery. Given the fact that the included
studies were performed in different countries (e.g., Europe
and United States) with different healthcare systems,
a widespread variation in costs for the surgical procedure
can be expected. Therefore, interpretation of the total costs
of a DIEP flap procedure was challenging.

The literature objectively describing the benefits vs all
costs accompanying application of tissue oximetry in
DIEP flap surgery remains scarce. As a result, a true cost-
effectiveness analysis could not yet be performed. Further
studies are necessary to provide a more specific overview
in clinical benefits and costs associated with noninvasive
monitoring through tissue oximetry.

In conclusion, tissue oximetry for postoperative mon-
itoring of DIEP flap breast reconstruction can aid in
preventing a subset of complications, it can limit the extent
of ischemic tissue damage, and can possibly reduce the
need for specialized nursing care. This noninvasive tissue
monitoring technique can therefore result in a decrease of
total costs. However, based on the results of the currently
available literature, no firm conclusions can be drawn
regarding cost-effectiveness and subsequent endorsement
of implementation in standard postoperative protocols.
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Appendix A: Search Strategies for PubMed

Category Query

#1: Population "Mammaplasty"[Mesh] OR "Free Tissue Flaps"[Mesh] OR "Perforator Flap"[Mesh] OR ("mammaplasty"[MeSH
Terms] OR "mammaplasty"[All Fields] OR ("breast"[All Fields] AND "reconstruction"[All Fields]) OR "breast
reconstruction"[All Fields]) OR (Deep[All Fields] AND Inferior[All Fields] AND Epigastric[All Fields] AND
("perforator flap"[MeSH Terms] OR ("perforator"[All Fields] AND "flap"[All Fields]) OR "perforator flap"[All
Fields])) ORDIEP-flap[All Fields] OR (("free tissue flaps"[MeSH Terms] OR ("free"[All Fields] AND "tissue"[All
Fields] AND "flaps"[All Fields]) OR "free tissue flaps"[All Fields] OR ("flap"[All Fields] AND "free"[All Fields])
OR "flap free"[All Fields]) AND ("tissues"[MeSH Terms] OR "tissues"[All Fields] OR "tissue"[All Fields])) OR
(("surgical flaps"[MeSH Terms] OR ("surgical"[All Fields] AND "flaps"[All Fields]) OR "surgical flaps"[All Fields]
OR "flap"[All Fields]) AND Microsurgical[All Fields] AND Free[All Fields]) OR ("free tissue flaps"[MeSH
Terms] OR ("free"[All Fields] AND "tissue"[All Fields] AND "flaps"[All Fields]) OR "free tissue flaps"[All Fields]
OR ("free"[All Fields] AND "flap"[All Fields]) OR "free flap"[All Fields])

#2: Intervention "Spectroscopy, Near-Infrared"[Mesh] OR ("spectroscopy, near-infrared"[MeSH Terms] OR ("spectroscopy"[All
Fields] AND "near-infrared"[All Fields]) OR "near-infrared spectroscopy"[All Fields] OR ("near"[All Fields]
AND "infrared"[All Fields] AND "spectroscopy"[All Fields]) OR "near infrared spectroscopy"[All Fields]) OR
near-infrared[All Fields] OR NIRS[All Fields] OR (noninvasive[All Fields] AND infrared[All Fields] AND
monitoring[All Fields]) OR ("spectroscopy, near-infrared"[MeSH Terms] OR ("spectroscopy"[All Fields] AND
"near-infrared"[All Fields]) OR "near-infrared spectroscopy"[All Fields] OR ("nir"[All Fields] AND
"spectroscopy"[All Fields]) OR "nir spectroscopy"[All Fields])

#3: Comparators "Costs and Cost Analysis"[Mesh] OR "Cost-Benefit Analysis"[Mesh] OR ("economics"[Subheading] OR
"economics"[All Fields] OR "cost"[All Fields] OR "costs and cost analysis"[MeSH Terms] OR ("costs"[All Fields]
AND "cost"[All Fields] AND "analysis"[All Fields]) OR "costs and cost analysis"[All Fields]) OR ("costs and cost
analysis"[MeSH Terms] OR ("costs"[All Fields] AND "cost"[All Fields] AND "analysis"[All Fields]) OR "costs and
cost analysis"[All Fields] OR ("cost"[All Fields] AND "analysis"[All Fields]) OR "cost analysis"[All Fields]) OR
("cost-benefit analysis"[MeSHTerms]OR ("cost-benefit"[All Fields] AND "analysis"[All Fields]) OR "cost-benefit
analysis"[All Fields] OR ("cost"[All Fields] AND "benefit"[All Fields]) OR "cost benefit"[All Fields]) OR ("cost-
benefit analysis"[MeSH Terms] OR ("cost-benefit"[All Fields] AND "analysis"[All Fields]) OR "cost-benefit
analysis"[All Fields] OR ("cost"[All Fields] AND "effectiveness"[All Fields]) OR "cost-effectiveness"[All Fields])

#1, #2, and #3: PIC #1 AND #2 AND #3
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