
Comparison of Various Modalities Utilized for
Preoperative Planning in Microsurgical
Reconstructive Surgery
Amer H. Nassar, MD1 Amy M. Maselli, MD1 Samuel Manstein, MD1 Eric Shiah, BA1

Brianna L. Slatnick, MD1,2 Arriyan S. Dowlatshahi, MD1,3 Ryan Cauley, MD1 Bernard T. Lee, MD1

1Division of Plastic and Reconstructive Surgery, Beth Israel Deaconess
Medical Center, Harvard Medical School, Boston, Massachusetts

2Department of Surgery, Boston Children’s Hospital, Harvard Medical
School, Boston, Massachusetts

3Department of Orthopedic Surgery, Beth Israel Deaconess Medical
Center, Harvard Medical School, Boston, Massachusetts

J Reconstr Microsurg 2022;38:170–180.

Address for correspondence Amer H. Nassar, MD, Beth Israel
Deaconess Medical Center, 330 Brookline Avenue, Boston, MA 02215
(e-mail: Anassar2@bidmc.harvard.edu).

As autologous free tissue reconstruction becomes both more
routine and increasinglymore complex, attention has turned
to the role of imaging in presurgical planning and postoper-
ative care. During the early days of free perforator flap
reconstruction in the 1990s, surgeons relied mainly on

handheld Doppler ultrasound for perforator identifica-
tion.1,2 Over the last few decades, imaging techniques have
evolved to include color duplex ultrasonography, multide-
tector computed tomography (CT) angiography (CTA),
conventional angiography, magnetic resonance imaging
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Abstract Background The benefits of preoperative perforator imaging for microsurgical
reconstruction have been well established in the literature.
Methods An extensive literature review was performed to determine the most
commonly used modalities, and their applicability, advantages and disadvantages.
Results The review demonstrated varioius findings including decreases in operative
time and cost with the use of CT angiography to identification of perforators for
inclusion in flap design with hand-held Doppler ultrasound. Modalities like MR
angiography offer alternatives for patients with contrast allergies or renal dysfunction
while maintaining a high level of clarity and fidelity. Although the use of conventional
angiography has decreased due to the availability of less invasive alternatives, it
continues to serve a role in the preoperative evaluation of patients for lower extremity
reconstruction. Duplex ultrasonography has been of great interest recently as an
inexpensive, risk free, and extraordinarily accurate diagnostic tool. Emerging technol-
ogies such as indocyanine green fluorescence angiography and dynamic infrared
thermography provide real-time information about tissue vascularity and perfusion
without requiring radiation exposure.
Conclusion This article presents an in-depth review of the various imaging modalities
available to reconstructive surgeons and includes hand held Doppler ultrasound, CT
angiography, MR angiography, conventional angiography, duplex ultrasonography,
Indocyanine Green Fluorescence Angiography and Dynamic Infrared Thermography.
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(MRI), and, more recently, novel technologies such as indoc-
yanine green (ICG) fluorescence and dynamic infrared ther-
mography (DIRT).

Although no single modality has emerged as the uncon-
tested gold standard, the ideal imaging technique should
have high fidelity in recognizing location, size, and course of
perforator vessels. It should ideally be relatively low risk,
involve minimal radiation exposure, and easily reproducible
(►Table 1). Finally, given the current health care climate, the
ideal imaging modality would also need to be cost effective.

A growing body of literature has emerged investigating
the impact of preoperative imaging on operative outcomes
including operative time, length of stay, donor sitemorbidity,
and surgeon stress level.3 Although most reconstructive
surgeons consider CTA to be the gold standard for preopera-
tive evaluation,3–5 recent studies suggest that color ultraso-
nography may be more sensitive and specific for identifying
and locating perforators.6–9

The purpose of this article is to review the imaging
modalities currently available to reconstructive surgeons
and discuss the advantages and limitations of each.

Handheld Doppler Ultrasound

Use of handheld Doppler ultrasound for postoperative flap
monitoring was first described nearly 40 years ago and has
since become the norm at most reconstructive centers.10

Although unidirectional Doppler does not produce an image
and therefore cannot generate a true perforator map, it
remains the most commonly used method of preoperative
perforator identification, due to, partly, its low cost, small size,
accessibility, and relative ease of use.9DellaCroce and Sullivan
demonstrated that handheld Doppler can be used to ensure
inclusion of the superior gluteal artery perforators in superior
gluteal artery perforator (SGAP) flap design for breast recon-
struction,11 andGiunta et al similarly demonstrated success in
using acoustic Doppler to locate the inferior epigastric artery
(IEGA) and superior epigastric artery (SEGA) perforators.2

Intraoperatively, handheld Doppler has been used to
safely identify the dominant vascular pedicle during intra-
muscular dissection. Michelow et al described the use of
handheld Doppler to identify areas of pulsatile flow andmap
the location of the arterial supply following exposure of the
rectus sheath in TRAM flap reconstruction. The authors
reported no flap loss in a series of 66 patients using this
technique.12

Despite its convenience, use of handheld Doppler is not
without significant limitations. Studies have shown a
relatively high false positive rate when handheld Doppler
is used for perforator identification, and Doppler may not
reliably identify perforators that travel transversely through
the fascial planes.2 González et al reported a positive predic-
tive value of 88.6% for handheld Doppler compared with
100% for both CTA and color Doppler ultrasonography. For
this reason, reliance on preoperative Doppler may result in
suboptimal flap design and threaten the integrity of the
pedicle if used alone.2 In the postoperative period, handheld
Doppler cannot always reliably differentiate between local
vasculature at the recipient site and the flap’s vascular
pedicle. Arterial and venous signals originating from vessels
within the recipient tissuemay therefore give a false impres-
sion of anastomotic patency.13

Computed Tomography Angiography

Over the last several decades, CTA technology has become
increasingly sophisticated and now routinely includesmulti-
detector systems and reformatting software capable of
three-dimensional (3D) volumetric analysis. Current scan-
ners are capable of performing submillimeter cuts and can
acquire more than 1,000 slices using a single contrast bolus,
reducing both total radiation exposure and contrast load.14

Its favorable risk profile and cost-effectiveness have placed
CTA at the forefront of preoperative perforator imaging, and
many authors consider it to be the gold standard for evaluat-
ing perforator vessels.3–5 In fact, a recent survey of practicing

Table 1 A comparison of various available imaging modalities with a focus on their potential advantages and disadvantages

Accuracy Reproducibility Radiation Safety Real time 3D
relationships

Cost Vessel
flow

Handheld
Doppler

þþ þ � þþþþþ þþþ þ þ þ

CTA þþþþ þþþþþ þþþþ þþþ þ þþþþþ þþþ þþ
MRA þþþþ þþþþþ � þþþþ þ þþþþþ þþþþ þþ
Conventional
angiography

þþþþþ þþþþþ þþþþþ þþ þ þþþ þþþþþ þþþþþ

Duplex
ultrasonography

þþþ þþþ � þþþþþ þþþþþ þþþ þ þþþþ

ICGF þþ þþ � þþþþ þþþþ þ þþ þ
DIRT þ þþ � þþþþþ þþþþ þ þþ þ

Abbreviations: 3D, three-dimensional; CTA, computed tomography angiography; DIRT, direct infrared thermography; ICGF, indocyanine green
fluorescence; MRA, magnetic resonance angiography.
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microsurgeons in Belgium, the Netherlands, and Luxem-
bourg showed that 97% preferred CTA for routine postoper-
ative imaging despite the existence of nonradiation requiring
alternatives.15

The most compelling advantage of CTA is its ability to
provide detailed information regarding vessel size, location,
course, and anatomic relationships. Perforators as small as
0.3mm can be reliably identified,16 considerably smaller
than those visualized using other cross-sectional imaging
modalities, such as MRA, which is limited to vessels greater
than 1mm in size.17 CTA has also demonstrated an overall
sensitivity and positive predictive value of greater than 95%
for mapping perforators. These figures increase to 100% for

perforators larger than 1mm, making CTA an extremely
accurate and reliable tool for reconstructive surgeons.18

Unlike handheld Doppler and duplex ultrasound data, CTA
images can be digitally reformatted to provide important
information regarding 3D anatomy. This includes arterial
branching patterns, the presence of nearby secondary per-
forators, anatomic relationships with adjacent muscle and
fascia, and the presence of potential intraoperative chal-
lenges such as scarring or occult hernias (►Figs. 1 and 2).19

Preoperative use of CTA has been shown to decrease total
operative time for both unilateral and bilateral deep inferior
epigastric perforator (DIEP) flap breast reconstruction when
compared with handheld Doppler.20–22 A recent study by
Haddock et al demonstrated that use of preoperative CTA
expedited perforator identification and selection, pedicle
dissection, and flap harvest.21 Ultimately, decreased opera-
tive times translate into a decrease in operative costs by an
average of $3,000 per patient.20 Preoperative planning with
CTA has also been linked to a decrease in postoperative
complications including flap loss, partial flap necrosis, he-
matoma, and surgical site infections, compared with hand-
held Doppler alone.20,22

Despite itsmultiple attractive advantages, CTA has several
significant limitations including the need for intravenous
access for contrast administration, use of ionizing radiation,
lack of vessel flow dynamics, and inability to demonstrate
perforator-specific angiosomes. Although acute kidney inju-
ry remains a significant concern, more recent experience
suggests that prior studies may have overestimated the
incidence and severity of contrast-induced nephropathy,
and its true prevalence is likely lower than previously
thought.23,24 Concerns about the risk of contrast allergy
may be similarly overexaggerated. Although early hyper-
osmolar contrast agents were associated with allergy rates
as high as 15%, the rate of true allergic reactions to the low
osmolality dye used in current studies ranges between 0.2
and 0.7%.23,25 Despite multiple articles26–29 falsely citing a
single reference,30 the intravenous contrast dye used in CTA
imaging can provoke vasospasm which might impair the
detection of smaller perforators, meticulous review of these
citations, and the existing literature revealed no evidence to
support this claim.

Magnetic Resonance Angiography

Magnetic resonance angiography (MRA) is a noninvasive
imaging modality that uses powerful magnetic fields and
computer-generated waves to produce high-quality 3D
images. Although MR scanners and software continue to
evolve, lower strength 1.5-T scanners are generally preferred
for reconstructive purposes, as the increase in fat suppres-
sion from a lower strength scanner can produce clearer
images of vascular structures.26,31WhileMRI has historically
been considered most valuable for imaging bone and soft
tissue, the addition of intravenous gadolinium contrast can
provide additional information regarding blood vessels.
Images obtained in the arterial and blood-pool phase allow

Fig. 2 CT angiography with a sagittal view of the deep inferior epigastric
artery along with a dominant perforator. A robust superficial inferior
epigastric vein also shown. CT, computed tomography.

Fig. 1 CT angiography showing multiple medial and lateral
perforators in the left hemiabdomen in preparation for a DIEP breast
reconstruction. CT, computed tomography; DIEP, deep inferior
epigastric perforator.
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for selective visualization of arteries and veins without
interference from soft tissue enhancement.29

Magnetic resonance venography (MRV) protocols can be
especially useful in mapping deep and superficial venous
outflow in planning complex lower extremity reconstruction.

MRA is an attractive option for routine preoperative
imaging because it can provide detailed information about
vessel anatomywithout the need for ionizing radiation. MRA
also offers higher resolution than other imaging modalities,
allowing visualization of septocutaneous perforators and
vessels as small as 1mm.17,32 High-resolution blood pool
MRA enables more precise evaluation of vascular anatomy,
including a vessel’s course, size, and branching pattern, as
well as the associated venous arborization pattern.32 In
addition, the presence of architectural distortion, vessel
alteration or injury from prior surgery can be easily detected
using MRA. This has led some institutions to choose MRI as
the reference standard for the preoperative assessment of
perforator flap vascular anatomy and soft-tissue morpholo-
gy.33 The development of 3D MRI has created additional
potential for nuanced evaluation of muscle anatomy in
addition to vascular assessment in peroneus brevis flaps
prior to surgery (►Fig. 3).33

Effective use of MRA for preoperative planning has been
described for a wide variety of reconstructive procedures,
including head and neck reconstruction,34 DIEP,35,36 rectus
and gluteal muscle flaps for autologous breast reconstruc-
tion,37 and various upper and lower extremity flaps.17,32,38

MRA does, however, have significant limitations, especially

when compared with other cross-sectional imaging modali-
ties. A 2019 review by Rodkin et al showed MRI to be less
sensitive in the preoperative detection of perforator vessels
when comparedwith CTA (91 vs. 100%),36 and an earlier study
by Rozen et al showed that CTAwas more accurate than MRA
for perforator mapping and detection of perforators smaller
than 1mm.16 In addition, MRI can be time consuming and
patients with claustrophobia or comorbidities that limit their
ability to lie still for an extended period of time may find it
difficult to tolerate. Due to the strength of the magnetic fields
involved, all forms of MRI are contraindicated in patients with
metal implants, including the metallic access ports within
some tissue expanders. AlthoughMRA does not require radia-
tion, it remains one of themost expensive imaging modalities
available and its use may be hard to justify in the face of more
cost-effective alternatives.39

Conventional Angiography

Althoughconventional angiography remains thegold standard
for the evaluation and treatment of coronary and lower
extremityarterial disease, its role in thepreoperative planning
of autologous free tissue transfers has largely been supplanted
by less-invasive imaging modalities. Use of angiography was
first proposed in the late 1970s to assess the length and size of
donor and recipient vessels and to identify potential variationsFig. 3 MR angiography with 3D vascular reconstruction

demonstrating the arterial supply of the ankle and foot in anticipation
for lower extremity reconstruction of a medial plantar wound. 3D,
three-dimensional; MR, magnetic resonance.

Fig. 4 Digital subtraction angiography demonstrating a single runoff
vessel to the lower extremity in anticipation for lower extremity
reconstruction of a dorsal foot wound.
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in perforator location.40 Given the number and severity of
associated risks, however, use of angiography remained con-
troversial41 and quickly fell out of favor following the intro-
duction of color flow Doppler (CFD) in the 1980s.26,42 Recent
improvements in cross-sectional imaging modalities such as
CTA andMRA have allowed reconstructive surgeons to obtain
similar high resolution images without 3 to 5% complication
rate associated with traditional angiography.43 At present,
conventional angiography is primarily reserved for the evalu-
ation of lower extremity vascular anatomy, as artifact from
metallic orthopaedic hardware may limit the utility of CTA in
these cases (►Fig. 4).41,44,45

Conventional angiography offers high resolution, real-
time imaging that enables careful evaluation of both large
vessels and smaller perforators. The ability to demonstrate
vessel flow dynamics may give invasive angiography a slight
advantage over some of the newer imaging techniques,
particularly with regard to recipient vessel selection. Con-
ventional angiography can also be used to assess venous
anatomy and the adequacy of venous outflow, both of which
are vital when planning for complex lower extremity recon-
struction. Prior studies have demonstrated effective use of
conventional angiography prior to flap harvest. Angiography
has been used, for example, as an adjunct in the planning of
free fibula flaps when color flow Doppler results were
abnormal and additional imaging was needed.46 In a study
of 161 patients undergoing osteocutaneous free fibula trans-
fer, Weng demonstrated that angiography was superior to
CFD for detection of vascular abnormalities (55 vs. 14%);
however, detection rates between angiography, CTA, and
MRA were not statistically different.44

Conventional angiography remains a reasonable adjunct
to handheld Doppler alone in cases where other imaging
modalities are contraindicated or impeded due to the pres-
ence of metallic implants. Conventional angiography using
carbon dioxide as the contrast mediummay be considered as
an alternative to CTA in patientswith renal failure or contrast
allergy, particularly in cases that potentially require large
contrast loads.47 Safe performance and interpretation of CO2

angiography requires specialist training, however, and its
availability may be limited to specific centers.

Duplex Ultrasonography

Recent widespread recognition of ultrasound technology
and its advantages over other imaging techniques have
contributed to its increased utilization by plastic surgeons.
In some centers, duplex ultrasonography has become the
imaging modality of choice for preoperative planning in
complex reconstructions.48,49 Duplex ultrasound incorpo-
rates both gray-scale and color Doppler imaging, allowing for
visualization of anatomical structures and quantification of
blood flow velocity and direction.50,51 Arterial and venous
flow can be reliably distinguished using duplex ultrasound,
and areas of vessel damage, occlusion, or thrombosis can be
identified.52

Detailed preoperative perforator mapping using duplex
ultrasound has greatly simplified flap design and harvest,

especially in flaps known to display considerable variation
in vascular anatomy.53–58 Dorfman and Pu used duplex
ultrasound to accurately identify the location, size, and
3D course of anterolateral thigh (ALT) flap perforators,
enabling selection of the donor thigh with the largest
perforator, most robust blood supply, and the shortest
intramuscular course to increase ease of dissection and
probability of success.57 In experienced hands, duplex
ultrasonography has been reported to be just as effective
as CTA for perforator vascular mapping.59,60 Use of duplex
ultrasonography has also been described for planning vas-
cularized lymph node transfers,61 monitoring flap perfusion
postoperatively,55,62 and guiding breast-specific reduction
patterns based on perfusion.60,63

In contrast with other conventional imaging techniques,
duplex ultrasonography has the advantage of being nonin-
vasive, portable, and essentially risk free, making a uniquely
valuable tool for reconstructive surgeons.48,54,60 It avoids the
use of radiation and nephrotoxic contrast entirely, and can be
performed on patients with MR-incompatible metallic
implants. The ability to perform ultrasonography at beside
significantly shortens image acquisition time, and allows
plastic surgeons with excellent knowledge of vascular anat-
omy to promptly identify developing complications.64,65

Universal adoption of duplex ultrasound by reconstruc-
tive surgeons has been primarily limited by its steep learning
curve. Ultrasound is known to be highly operator dependent
and assistance from a certified technologist is often neces-
sary to obtain and interpret ultrasound data.48,60 Becoming
proficient in the use of duplex ultrasound for perforator
selection requires training and practice,much of which is not
currently provided during surgical residency training. Unlike
CTA and MRA, ultrasound does not provide a lasting 3D
image that can be easily referenced intraoperatively; howev-
er, ultrasound probes can be specially draped for use within
the sterile field.

It is important to note that amore in-depth understanding
of the various ultrasound modes is necessary to maximize
the detection of low flow microvessels. Using prospectively
collected data, Kehrer et al were able to formulate an algo-
rithm to optimize vesselmapping. Qualitative vessel data can
be obtained with brightness (B) mode, color flow, or B-flow,
and power Doppler mode allows for accurate evaluation of
small microvessel perforators.66

Indocyanine Green Fluorescence
Angiography and Dynamic Infrared
Thermography

ICG angiography (ICGA) is an emerging technique with
multiple potential applications in reconstructive microsur-
gery.67 ICG has largely replaced fluorescein dye for use in
fluorescent angiography given its nonnephrotoxic proper-
ties, strong record of safe clinical use, and low risk of adverse
events (1 in 42,000 patients).67–71 ICG binds well to blood
lipoproteins and has a short plasma half-life of 3 to
5minutes, allowing rapid and repeat imaging to be per-
formed throughout a procedure.67–70
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In contrast with other imaging modalities, ICGA can
provide real-time information about tissue vascularity and
perfusion without requiring radiation exposure.72 Christen-
sen et al and Lee et al described the use of ICGA to determine
the optimal timing for second-stage reconstructions and
demonstrated that it could be useful in decreasing the
probability of flap necrosis.73,74 Intraoperatively, ICGA has
been 90.0% sensitive and 98.6% specific for evaluation of flap
perfusion5,7 and its use has been shown to lower the inci-
dence of unexpected reoperations from perfusion-related
complications.76 Other studies have described the use of
ICGA to demonstrate areas of abnormal perfusion and pre-
dict potential partial-thicknessflap loss, although it has been
shown to overestimateflap survival rates in some cases.77–79

In a separate study by Ritschl et al, comparison of hand-
held Doppler and duplex ultrasonography to ICGA demon-
strated that this novel modality performed better overall
with higher sensitive and positive predictive value in perfo-
rator identification.80

Overall, recent literature is largely supportive of ICG
imaging as an effective adjunct for evaluating tissue perfu-
sion in flap reconstruction (►Fig. 5).69,71,81–84 However,
technical use of ICGA remains highly variable across studies,
highlighting the need for a standardized protocol that dic-
tates optimal contrast dose, timing of contrast administra-
tion, and the need for preoperative allergy testing.
Additionally, ICGA is unable to provide continuous perfusion
monitoring and its practical applications outside the operat-
ing room are currently limited.

DIRT is another emerging noninvasive imaging modality
that has shown promise in reconstructive surgery. DIRT
provides rapid, continuous, and real-time data regarding
skin perfusion indirectly based on measurements of skin
temperature. A comparative study by Weum et al demon-
strated that DIRT could reliably identify perforators in DIEP
flap breast reconstruction, avoiding the radiation and con-
trast exposure required for CTA.85 Experimental studies have
used DIRT to describe patterns of change in flap skin tem-

perature associated with reperfusion, rewarming, arterial
occlusion, and venous congestion.86,87 Such informationmay
help improve flap design and decrease the risk of flap failure
associated with suboptimal geometry and perfusion. Com-
mercially available handheld thermal imaging devices, such
as FLIRONE (Flir Systems, Inc.,Wilsonville, OR), are becoming
increasingly affordable and can be paired with most smart-
phones, making DIRT one of the most accessible imaging
options (►Fig. 5).88 Furthermore, precooling with a fan or
alcohol disinfectant has shown to provide faster results and
clearer thermograms.89

Pereira and Hallock in a prospective study of 25 patients
and 28 perforator flaps evaluated the capability of smart-
phone thermal imaging cameras (FLIR) for predicting flap
viability in lower extremity reconstruction. All flaps pre-
dicted to have 100% viability survived, and 40% (two of five
flaps) of flaps that were predicted to have marginal loss
survived completely. Given its accessibility, versatility, and
relatively short-learning curve, the authors supported its use
in assisting local perforator flap design, intraoperative man-
agement insight, and postoperative monitoring.90

Stocco et al performed the first comparative study be-
tween smartphone infrared cameras (FLIR) and traditional
methods of clinical surveillance (discoloration, capillary
filling, and presence of Doppler signal) in the detection of
early vascular obstruction in microvascular flaps regarding
sensitivity, specificity, positive predictive value, negative
predictive value, and time of detection. They concluded
that a difference of �2°C between the flaps to surrounding
skin, two times in an hour by infrared thermography for
smartphone gave an advantage (93% sensitivity and 96%
specificity) in detecting vascular obstruction before clinical
signs appear. In some cases, smartphone thermography
allowed for the diagnosis of vascular obstruction up to
12 hours earlier than clinical evaluation which can poten-
tially affect flap salvage.91

Despite its tremendous potential, no studies to date have
shown DIRT technology to be superior to other imaging

Fig. 5 Comparison of various imaging modalities used as adjuncts intraoperatively to assess distal tip viability of a delayed superior gluteal
artery perforator flap including handheld FLIR (middle) and ICGA (right). ICGA, indocyanine green angiography.
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methods with regards to sensitivity and specificity. At pres-
ent, therefore, DIRT should be used primarily in conjunction
with existing diagnostic modalities.92

Discussion

Modern day reconstructive surgeons have the good fortune
of being able to enlist an increasingly sophisticated array of
imaging options in the preoperative planning, intraoperative
decision-making, and postoperativemonitoring ofmicrosur-
gical free tissue transfers. Although no imaging study can
ever replace a good working knowledge of anatomy, any of
the currently available techniques can provide valuable
information regarding flap vascularity or perfusion. As tech-
nology continues to evolve toward less-expensive and less-
invasive modalities, reconstructive surgeons from a variety
of practice environments will likely have increased access to
some form of supplemental imaging as part of their routine

operative care. The characteristics of the currently available
imaging modalities are summarized in (►Table 2).

While conventional angiography remains relevant pri-
marily for the evaluation of recipient vessels in lower
extremity reconstruction,93 recent trends have favored
less-invasive imaging modalities. Both CTA and MRA can
provide detailed 3D images of vascular structures and their
surrounding anatomy, and their use has been described in
preoperative planning for breast,3,20,31,64,94,95 head and
neck, and extremity reconstructions.96,97 Although CTA
has been shown to accurately detect the location and
intramuscular course of perforators less than 1mm in diam-
eter,98 a typical CTA of the abdomen requires an average of
6.0 to 9.9mSv of ionizing radiation which has been shown to
be associated with a low but still existent risk of fatal
radiation-induced cancer along the order of 1 in 4,270 per
6mSv.99 In addition, like conventional angiography, CTA
requires the use of iodinated contrast dye which carries a

Table 2 A comparison of various available imaging modalities with a focus on their potential advantages and disadvantages

Imaging modalities Advantages Limitations

CTA •Very detailed resolution and anatomy
•Assessment of 3D relationships
•Identification of perforations 0.3mm
•Sensitivity and PPV>95%
•↓ OR times, cost, complications

•Risk of allergy, nephropathy
•Ionizing radiation
•Lack of vessel flow dynamics

Conventional
angiography

•High resolution
•Evaluation of vessel flow dynamics
•Useful when CTA or MRA unavailable

•Invasive
•Risk of vascular injury
•Risk of contrast allergy

MRA •No radiation
•High resolution
•Visualization of anatomical course
•Assessment of musculature
•Limit contrast with gadolinium

•Decrease resolution and sensitivity compared
to CTA

•Time consuming
•High cost
•Metal implants

Duplex
ultrasonography

•Noninvasive
•No contrast or ionizing radiation exposure
•Well tolerated
•Low cost
•Portable, bedside applications

•Highly operator dependent
•Limited windows, angles, and depth of access;
body habitus

•Semiquantitative
•Relatively low spatial resolution

Handheld Doppler
ultrasound

•Ease of use and mobile
•Low cost
•Use intraoperatively
•Postoperative and bedside monitoring

•No visualization
•Inability to assess 3D anatomy
•Low PPV and high false positive rate

ICGF •Safer clinical profile compared to fluorescein
dye angiography

•Can repeat multiple times throughout a
procedure

•Real-time assessment of tissue vascularity and
perfusion

•No ionizing radiation exposure

•Unable to provide continuous monitoring of
perfusion

•Technical use, interpretation, and utilization
protocols have yet to be standardized

DIRT •Rapid, continuous, real-time assessment of
perfusion

•Safe, noncontact approach
•Minimally operator dependent
•Can assess large surface areas
•No contrast or ionizing radiation exposure
•Thermal imaging devices (i.e. FLIR ONE) are
becoming increasingly affordable

•“Indirect” technique by assessing temperature
•Use is not standardized yet
•Not found to have superior sensitivity/specific
compared to other modalities

Abbreviations: 3D, three-dimensional; CTA, computed tomography angiography; DIRT, direct infrared thermography; ICGF, indocyanine green
fluorescence; MRA, magnetic resonance angiography; OR, operating time; PPV, positive predictive value.
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risk of nephrotoxicity and anaphylaxis.23–25 MRA, while
avoiding the need for radiation exposure, is less accurate
than CTA for the detection of perforators less than 1mm in
size16 and is contraindicated in certain patients. In addition,
although no study to date has directly investigated the cost
effectiveness of various imagingmodalities in reconstructive
surgery, extrapolation from the vascular literature suggests
that MRA is slightly more expensive than CTA.100,101 For the
assessment of venous anatomy, duplex ultrasound, MRV, and
the outflow phase of conventional angiography have proven
to be the most useful modalities.

Handheld Doppler will likely remain a fixture in recon-
structive surgery because of its portability, low cost, ease of
use, and versatility. As surgeons become increasingly com-
fortable performing and interpreting duplex ultrasounds,
however, the role of handheld Doppler in preoperative
planning and intraoperative decision-making may become
more limited. While handheld Doppler has been shown to
be less accurate than other modalities in localizing perfo-
rators,2 duplex ultrasound has proved to be highly sensitive
and accurate in perforator identification and characteriza-
tion with the additional advantage of supplying information
regarding flow characteristics.102 A recent prospective
study comparing duplex ultrasonography with handheld
Doppler and CTA showed that color duplex was more
sensitive, specific, and accurate than both other imaging
modalities in identification of perforators as small as
0.5mm, and there was 100% concordance between preop-
erative ultrasound data and intraoperative findings in 53
consecutive flaps.9

While emerging modalities, such as DIRT and ICGA, have
substantial promise, they are not yet widely available and
their use is currently limited to specific applications. Mod-
ern ultrasound equipment, in contrast, continues to evolve
toward more portable, accessible, and user friendly inter-
faces. An increasing number of medical device companies
have begun to market handheld duplex ultrasounds such as
Lumify (Phillips, Reedsville, PA) or Butterfly IQþ (Butterfly
Network, Inc, Guilford, CT) that can be paired with a
smartphone or tablet and offer image clarity comparable
to that of conventional ultrasound machines.59 Although
widespread adoption of ultrasound has historically been
slow due to lack of familiarity and specialized training,
more recent studies have shown that a working knowledge
of the newer duplex ultrasound devices can be achieved in a
relatively short amount of time.9,59,103 The consummate
masters of human anatomy, plastic, and reconstructive
surgeons are uniquely poised to flourish using ultrasound
technology.

Conclusion

In the presence of multiple available options, the choice of
which imaging modality to incorporate into routine surgical
planning and execution rests in the hands of the individual
surgeon. While this decision is generally driven by personal
experience and institutional preferences, it is important for
reconstructive surgeons to continue to reevaluate the risks

and benefits of existing modalities and to remain aware of
emerging technologies. Ultimately, familiarity with the
existing options and flexibility in incorporating new techni-
ques will allow surgeons to continue pushing the boundaries
of flap design and harvest in order to make safe and effective
microsurgical reconstructionpossible for an increasing num-
ber of patients.
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