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Abstract: The Radial Forearm Free Flap (RFFF) is one of the most widely used microsurgical flaps for
intraoral reconstruction. Although the Clinical Allen Test (CAT) is the most widely used preoperative
diagnostic method with which to study the distal patency of the hand prior to the use of RFFF, several
authors have reported potentially preventable serious vascular complications. This study included
87 consecutive patients with cancer of the oral cavity and RFFF as the flap of choice who were treated
between 2010 and 2020, and compares the results of the Clinical Allen Test (CAT), the Doppler
Allen Test (DAT) and the Surgical Allen Test (SAT). The preoperative vascular study found vascular
abnormalities severe enough for the surgical team to change the preoperative flap of choice in 39%
of patients. The Kappa index showed a weak concordance between the CAT and DAT. The study
reflected a total concordance in the preoperative results of the Doppler study and the intraoperative
results of the SAT. Due to its excellent agreement with SAT, the DAT would be the preoperative test
of choice in patients who are candidates for RFFF. This study of vascular mapping tests with Doppler
is intended to inform therapeutic decisions and present methods to gain information that cannot be
obtained by physical examination alone.

Keywords: radial forearm flap; Allen test; oral reconstruction; Doppler ultrasonography; donor
site morbidity

1. Introduction

Cancer of the oral cavity is one of the most common malignancies; the main etiological
factors are tobacco and alcohol use. The standard of care is primary surgical resection
with or without postoperative adjuvant therapy. Restoration of form and function after
ablative cancer surgery is the ultimate goal of treatment, and is achieved by choosing
the appropriate reconstructive procedure. Since the development of microvascular free
tissue transfer techniques, surgeons have rapidly expanded their ability to resect extensive
disease and provide multiple reconstructive options. Among free flaps, the radial forearm
free flap (RFFF), first described by Yang GF et al. [1], has become one of the most used in
oral cancer reconstruction [2] due to its versatility, ease of harvesting using a two-team
approach, as well as providing a thin, flexible, sensitive skin paddle which is of sufficient
size to reconstruct medium-sized defects with a long vascular pedicle. The availability of
other tissues such as bone, nerve, and tendon has increased the applications of the flap.
The success rate has been reported to be approximately 97% [3]. The RFFF vasculature
is thought to be resistant to atherosclerotic disease. However, RFFF is associated with
significant donor site morbidity; ischemic hand complications (IHCs) are the most feared
postoperative morbidities [4–9].
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Harvesting RFFF involves the removal of the radial artery. The most important
requirement for harvesting RFFF is an intact palmar arch that provides perfusion of the
hand by the ulnar artery [10,11]. The use of the nondominant arm as a donor site is
preferred. If the ulnar and radial anastomoses are missing, a reduction in circulation to
the hand would be expected, especially if the removed artery is the dominant one. Several
studies have demonstrated the existence of vascular abnormalities that cannot be detected
preoperatively by physical examination, the presence of which can jeopardize the viability
of RFFF.

In common clinical practice, the permeability of the palmar arch is evaluated by the
Clinical Allen Test (CAT) [10,11]. Once pressure on the ulnar artery is relieved (while
holding continued pressure on the radial artery), one should see a return of waveform and
strong oximetry signal within 5 s (negative CAT). A negative CAT is accepted as a condition
for raising the radial forearm flap. A positive CAT precludes surgery. A substantial delay
in return of the waveform or a dampened waveform, however, should alert the surgeon to
the possibility of an incomplete arch. Allen originally described his test for diagnosis of
thromboangeitis obliterans of the ulnar artery [12]. The reported sensitivity and specificity
of the Clinical Allen test are 54.5 and 91.7%, respectively [13], but these values do not
provide a clinical image or information about vascular dynamics. It is established in
common practice that CAT can ensure that the hand will remain well-perfused after
division of the radial artery [14], but critical ischaemia of the hand has been described
in patients with negative CAT [6–9] and, despite the publications, many microsurgery
teams worldwide consider that preoperative vascular imaging is rarely needed [13–16].
The most sensitive and specific test is the direct intraoperative visualization and clamping
of the radial artery (Surgical Allen Test, SAT) before the radial artery ligation in RFFF
harvesting. The SAT is not a preoperative test. The SAT with pulse oximeter control should
be performed in all cases before ligation of the radial artery.

Computer tomography angiography (CTA), magnetic resonance angiography (MRA)
and Doppler ultrasonography (DUS) are the most relevant vascular mapping tests in
reconstructive microsurgery; their use has been shown to increase the success of free flap
reconstruction, decrease surgery time and reduce the morbidity of the donor area [14].
With respect to Doppler, CT and MR are more expensive and less versatile because they
cannot be performed at the bedside and, in the case of CT, the patient must be irradiated.
No vascular mapping test is considered the gold standard in the preoperative study of the
RFFF. The main limitation for the use of CTA and MRA as preoperative imaging tests in
RFFF is that they do not allow the Allen test to be performed. DUS, in contrast, provides
information of vascular anatomy, ultrasound waveforms and flow velocities, and allows
the Allen test to be performed (Doppler Allen Test, DAT) [17,18]. DAS is more sensitive
and specific than CAT. With DUS, it is possible to avoid CAT false negative results from
incomplete compression of the radial artery and hyperextension of the wrist [19].

The objective of the study was to analyze the findings of preoperative Doppler ul-
trasonography with the Allen Test in a series of patients whose reconstruction of choice
was the RFFF, and to compare the results obtained in the DAT with those of the CAT and
SAT, evaluating the concordance between the three measures and discussing their clinical
implications. We hypothesize that DUS should be considered the preoperative vascular
imaging test of choice before RFFF harvesting; however, no study in the literature to date
has focused on the clinical implications of DUS prior to RFF specifically.

2. Materials and Methods

This study was designed to collect data retrospectively regarding preoperative find-
ings on vascular anatomy with Doppler ultrasonography and its relationship with clinical
outcomes in patients with oral cancer whose preoperative flap of choice for oral recon-
struction was the radial forearm free flap (RFFF). The inclusion criteria of the patients
were: diagnosis of oral cancer, surgery as the treatment of choice, radial free flap as the
reconstruction of choice for the oncological defect, preoperative study with CAT and DAS



J. Clin. Med. 2021, 10, 3328 3 of 10

in all patients, Karnofsky index equal to or greater than 40, and absence of metastatic
disease. The study included 87 consecutive patients with cancer of the oral cavity and
RFFF as the flap of choice who were treated between 2010 and 2020 in the Oral and Max-
illofacial Department of the Hospital General Universitario Gregorio Marañón, Madrid,
Spain. The study was conducted according to the guidelines of the Declaration of Helsinki
and endorsed by the Hospital Ethics Committee at Gregorio Marañón General Hospital,
Madrid, Spain (protocol code maxilohgugm 09/2020). Postoperative clinical notes were
reviewed for complications. Informed consent was obtained from all patients.

Preoperative evaluation included CAT and DAS in all patients. A Clinical Allen
Test and Doppler Allen Test were performed in the standard procedure and categorized
according to flow as sufficient (<5 s), indeterminate (6–10 s), or insufficient (>10 s). DAS
was performed using DUS by the same senior vascular surgeon in all cases.

A Surgical Allen Test (SAT) was performed intraoperatively by clamping the radial
artery and ensuring that all perfusion of the hand was via the ulnar artery using a pulse
oximeter. This assessment was considered the criterion standard of sufficient collateral
flow before ligation of the radial artery.

All patients underwent tumor resection, neck dissection (unilateral or bilateral), and
microvascular reconstruction with RFFF of the nondominant hand or other flap when
preoperative DAS contraindicated its use. The sex and age of the patients, anatomical
locations of the tumors and subsequent defects, clinical stage of disease, size of the flap,
duration of free flap harvesting, unilateral or bilateral neck dissection, tracheostomy,
smoking history, histology, primary or secondary reconstruction, duration of surgery,
cardiovascular risk factors, and donor site treatment and complications are listed in Table 1.
Dominant and nondominant hand CAT, and dominant and nondominant hand DAT results
are listed in Table 2. Changes in the decision of the flap side and contraindication or not
to the use of RFFF are listed in Table 3. The dual blood supply to the hand and CAT and
DAT was recorded in all patients. The SAT was recorded in all cases of RFFF harvesting. In
all cases, flap pedicles were long enough to reach the recipient’s neck vessels. The donor
site defect was closed using a split-thickness skin graft harvested from the groin region
and secured with nonabsorbable sutures. The recipient arteries and veins (1 or 2, when
the cephalic vein together with a vena comitans were used) were collected in this study.
Postoperative data were reviewed to assess complications.

Statistical Analysis

The statistical analysis was conducted using SPSS version 25.0 (SPSS Inc., Chicago,
IL, USA). The data were recorded as the mean and standard deviation (SD) values. The
normality of the distribution was previously tested by Saphiro-Wilk test. A concordance
study was performed using the kappa index between the results of the CAT, DAT and SAT
to evaluate the strength of the agreement between the preoperative study methods (CAT
and DAT) in order to compare them with the gold standard (SAT). p-values less than 0.05
were considered statistically significant.
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Table 1. Baseline characteristics of 88 patients.

Characteristics n %

Age (years), mean ± SD (range) 58.3 (12.1)

Sex
Female 59 67.8
Male 28 32.2

Site
Tongue 42 48.3
Floor of the mouth 12 13.8
Gingiva 11 12.6
Buccal 10 11.5
Oropharynx 7 8.0
Palate 5 5.7

Histology
Squamous cell carcinoma 78 89.6
Adenoid cystic carcinoma 4 4.6
Adenocarcinoma 2 2.3
Chondrosarcoma 1 1.1
Malignant Schwannoma 1 1.1
Carcinoma ex pleomorphic adenoma 1 1.1

Reconstruction
Primary 85 97.7
Secondary 2 2.3

Neck dissection
No 7 8.1
Unilateral 29 33.3
Bilateral 51 58.6

Tracheostomy
Yes 81 93.1
No 6 6.9

Stage
I 4 4.6
II 22 25.3
III 14 16.1
IV 47 54.0

Smoking habit
Yes 73 83.9
No 14 16.1

Donor site closure
No 76 87.3
Loss of graft (partial) 7 8.1
Tendon exposure 4 4.6

Size of flap (cm2), mean ± SD (range) 37.34 ± 7.24
(15–99)

Time taken to raise the flap (min), mean ± SD (range) 73.76 ± 25.22
(46–127)

Duration of surgery (min), mean ± SD (range) 645.37 ± 118.16
(303–974)

Cardiovascular risk factors
0 23 26.4
1 14 16.1
2 23 26.4
>2 27 31.1
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Table 2. Correlation between Clinical Allen Test (CAT) and Doppler Allen Test (DAT) in dominant
and nondominant hand.

Dominant Hand

DAT + Indeterminate DAT − Total
CAT + 4 1 1 6

Indeterminate 7 0 10 17
CAT − 4 0 60 64
Total 15 1 71 87

Nondominant Hand

DAT + Indeterminate DAT – Total
CAT + 7 0 1 8

Indeterminate 9 0 5 14
CAT – 9 0 56 65
Total 25 0 62 87

Table 3. Changes in the decision of the flap of choice due to vascular preoperative studies.

Preoperative
Vascular Findings n Use of the Flap of

Choice Type

Normal 53 Yes Nondominant RFFF
Pathological

findings 34 No Other (24 dominant RFFF;
9 contraindication RFFF)

3. Results

Eighty-seven patients with a diagnosis of oral cancer met the inclusion criteria and
underwent surgery during the study period. The mean follow-up time was 38.5 months
(range: 1–110 months). The male:female ratio was 2:1. The time taken to assess the limb
use duplex was 19 min (range: 13–27). The mean (range) diameter of the radial artery at
the elbow was 3.13 mm (range: 1.2–5.1) and at the wrist 2.19 mm (range 0.9–4.1). Vascular
abnormalities were recorded, and 34 patients (39%) were deemed serious enough for
the surgical team to change the preoperative flap of choice (RFFF of the nondominant
hand) by using the radial of the dominant hand (24 cases) or perform an alternative flap
(10 cases). Loss of the RFFF occurred in one case (1.14%), reconstructed in a second surgical
procedure with a FAMM flap. A different flap had to be performed in 10 patients, either
due to loss of the previous radial flap (one case) or because the preoperative mapping
tests contraindicated the use of the radial flap bilaterally (nine cases). An anterolateral
thigh (ALT) flap was used in three patients, a FAMM flap in three patients, a pectoralis
myocutaneous pedicle flap in two patients, a temporalis muscle flap in one, and a nasolabial
flap in one case. A total of 80 cases (92%) were reconstructed with microsurgical flaps
(77 RFFF, 3 ALT), and 7 (8%) with pedicled flaps. The recipient arteries of the microsurgical
anastomoses were: facial artery (46 cases, 57.5%), superior thyroid artery (22 cases, 27.5%),
lingual artery (7 cases, 8.75%), external carotid artery (3 cases, 3.75%), and transverse
cervical artery (2 cases, 2.5%). In the case of venous anastomoses, two venous anastomoses
were performed in cases in which the vascular anatomy was favorable. The recipient veins
of the microsurgical anastomoses were: thyrolinguofacial trunk (65 cases, %), external
jugular vein (53 cases, %), internal jugular vein (7 cases, 8.75%), facial vein (6 cases, 7.5%),
superior thyroid vein (6 cases, 7.5%), and lingual vein (1 case, 1.25%). A total of 68 patients
received adjunctive treatment with radiation therapy. No patient developed ischemia of
the hand.

Documentation of the CAT and DAT were available in all patients. The disagreement
between the clinical findings of the Allen Test (CAT) and the findings of the Allen Test with
Doppler (DAT) without taking into account the indeterminate cases occurred in 16 upper
limbs (9.2%) out of a total of 174. If we consider the doubtful or indeterminate cases, errors
between CAT and DAT occurred in 47 upper limbs (27%) out of a total of 174 (Table 2).
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It is important to consider that in 13 patients in which the initial CAT exploration was
negative (which would allow the use of RFFF), the Doppler ultrasonography exploration
had a positive DAT, which contraindicated the use of RFFF and avoided serious ischemic
complications. In the 14 cases of CAT +, the Doppler usually confirmed the impossibility
of using the RFFF of the upper limb studied (12/14 cases). In cases of indeterminate
CAT, the Allen Test with Doppler is essential to facilitate decision making between the
various reconstructive possibilities (nondominant hand RFFF, dominant hand RFFF, or
other reconstructive options). In all patients, SAT was performed with pulse oximetry
control before ligating the radial artery. The agreement between the DAT and SAT was
100%. No patient with a negative Doppler study (DAT-) suffered a decrease in distal hand
oxygen saturation after SAT. Therefore, no intraoperative changes had to be made in the
flap of choice.

When performing the concordance study between the CAT and DAT, the Kappa
coefficient or Kappa index showed a weak concordance strength. The Kappa index when
comparing the CAT and the DAT was 0.340, with a standard error of 0.107 for the study
sample (95% confidence interval: 0.130–0.551). When comparing the DAT and SAT, the
Kappa index was 1.00, with total agreement in the preoperative results of the Doppler
study and the intraoperative results of the SAT.

4. Discussion

The RFFF is one of the most commonly used flaps in oral reconstruction, providing
thin, pliable soft tissue and a high transfer success rate. RFFF success was 98.86% in
our series, similar to the results reported by other reconstructive surgery groups. The
RFFF is the flap of choice for multiple oncological defects of the oral cavity, but other
reconstructive options can be used (both pedicled flaps and microsurgical flaps). As there
are other therapeutic alternatives, we must minimize the risk of associated morbidity.
Ischemic complications of the hand in RFFF harvesting are the most feared complications,
and have been extensively described in the scientific literature [4–9]. In our series, we
did not encounter any major complications in the donor area, and no ischemic event
occurred during the study follow-up period. Several authors [20] declared that the use of
the radial artery for microsurgical reconstruction could cause a deterioration of the distal
vascularization of the hand. Complete acute ischemia of the hand has also been described
in a patient with normal CAT [6]. The main limitations of physical examination are the
impossibility of diagnosing vascular anomalies, and that negative CAT does not ensure
distal perfusion of the hand. It is not clear when reviewing the scientific literature that a
positive or pathological DAT will produce real consequences for the patient in terms of
changes in the distal perfusion of the hand, but it does provide relevant clinical information
on possible risk situations due to reversal of vascular flow. Studies in experimental animals
would be necessary to study acute and chronic changes in the distal vascularization of the
hand in situations of pathological DAT. As a preoperative test in the RFFF, the DAT provides
vascular information on the distal perfusion of the limb, relevant in situations of doubtful
CAT, and especially considering the possibility of being able to use the contralateral side or
perform another reconstruction flap.

The use of high-resolution vascular mapping preoperative tests on microsurgical
flaps has been shown to decrease intraoperative complications in flap dissection [21], de-
crease overall surgical time and flap harvesting time [22], facilitate dissection and avoid
serious vascular complications [23] in patients with vascular abnormalities that could
not be diagnosed without such vascular tests or only with physical examination [22–24].
There is published evidence on the improvement of results when performing preopera-
tive vascular mapping studies with MRA and CTA in several microsurgical flaps: fibula
flap [24–27], deep inferior epigastric perforator flap [21–23,28–31] and other perforator
flaps. The evidence for the use of preoperative vascular mapping tests in RFFF is scarce,
with contradictory results. The most widespread clinical practice prior to harvesting a RFFF
is to perform CAT without any preoperative vascular mapping test [14]. Another problem
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to be solved in the use of the preoperative vascular test in RFFF is the type of test. The ideal
preoperative vascular test for RFFF would be one that allows the diagnosis of vascular
abnormalities of the upper limb and can also confirm the adequacy of the ulnar artery
to distally perfuse the hand. MRA and CTA are the most widely used tests for vascular
preoperative study in reconstructive microsurgery. Both are high-resolution tests which
are suitable for the three-dimensional diagnoses of vascular alterations; however, they do
not allow a dynamic evaluation of the distal irrigation of the hand with the Allen Test. The
only test that provides simultaneously three-dimensional vascular anatomy data and the
possibility of performing the Allen Test is Doppler Ultrasonography, which is the most
sensitive and specific diagnostic test to assess the distal patency of the hand, simulating the
ligation of the radial artery performed in the RFFF. Therefore, it should be considered as the
preoperative test of choice in the RFFF, being the only preoperative test that can simulate
radial artery ligation, with a 100% correlation with the gold standard (SAT, Surgical Allen
Test) in our series. The DSA is a less relevant test at present due to its associated morbidity
and the fact that it does not provide additional information to CTA or MRA.

Vascular dominance of the hand is a subject under discussion. According to De Vi-
cente et al. [15], the radial artery is the dominant artery in the distal vascularization of
the forearm. Dost and Rudofsky [32] observed dominance of the radial artery in 6 of
11 patients, whereas in the other 5, the ulnar artery was dominant. Hirai [33] reported that
26% of patients had radial dominance, 24% ulnar dominance and 50% had no dominant
vessel. Fuhrman [34] published similar data. Haerle et al. [35] stated that the ulnar artery
was dominant in the elbow area while the radial artery was dominant in the wrist. In
their anatomical study of the superficial palmar arch, Bilge et al. [36] concluded that a
complete palmar arch is found in approximately 85% of hands, an essential requirement
for performing RFFF. Vascular anomalies of the upper limb are relatively frequent, and
are asymptomatic in most cases. Physical examination is insufficient for the diagnosis of
most vascular alterations of the distal vascular system of the upper limb. A large number
of vascular alterations have been described. Coleman and Anson [37] demonstrated that
there were no anastomosis between the superficial palmar arch and the radial artery in
12–60% of cases, and between the deep palmar arch and the ulnar artery in 54%. McCor-
mack et al. [38] found anomalies of the brachial and radial arteries in 15% of cases according
to their anatomical studies, similar to the percentage of vascular anomalies in our series,
which is 12.7% of the total upper limbs studied. Uglietta and Kadir found abnormalities in
9% of radial arteries in arteriographic examination [39]. Porter and Mellow [40] described
an entirely absent radial artery. Bell et al. [41] described in 2011 the superficial ulnar artery
as a contraindication to RFFF. Acaturk et al. [42] described an accessory branch or the radial
artery coursing superficially, naming it the superficial radial artery. Radial artery duplica-
tion is another well documented anomaly; Li et al. [43] documented duplication in 0.1% of
1400 coronary angiography patients sampled via ultrasound. The radial artery in carpal
tunnel is a clinical variation with important implications during RFFF harvesting [44–48].
An aberrant vessel originating at the axillary artery and parallel to the brachial artery on
its distal course was described by Mordick [47]. Funk et al. [48] described a radial artery
passing deep the pronator teres rather than superficial. The absence of the ulnar artery
has been estimated to occur in at least 0.015% of cases [49]. A case of an anomalous radial
artery arising from the thoracoacromial trunk was described by Loukas et al. [50]. The
most described vascular abnormality of the radial artery is a high radial origin [51–53]; this
particular vascular anomaly does not impact RFFF. Madaree and McGibbon discovered a
radial artery without any fasciocutaneous perforators to the forearm [54]. In our series, the
most frequent vascular anomaly is high radial origin (3.2%). Whenever possible, the RFFF
of choice is that of the nondominant hand. Preoperative dynamic vascular findings with
Doppler Ultrasonography preclude the flap of choice in 34 of the 87 patients (39%), forcing
the use of the RFFF of the dominant hand in 24 surgeries and contraindicating the use of
the RFFF in 9 patients. The clinical implications of these findings are relevant because they
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affect the reconstructive therapeutic algorithm and reduce potentially avoidable serious
vascular complications.

Although the DAT has a 100% match with the SAT, it remains unclear to what extent a
pathological DAT also results in real consequences for the patient in terms of changes in
distal hand perfusion, and future studies are needed to compare the findings of DAT and
fluorescent angiography both preoperatively and postoperatively to monitor evolutionary
changes in distal hand perfusion in patients who have undergone RFFFF.

The main weaknesses of the study are the absence of a control group, that patients
were not randomly assigned and it was a monocentric study with patients with the same
pathology (oral cancer), which reduces external validity.

5. Conclusions

Ischemic hand complications after RFFF reconstruction in patients with oral cancer are
an avoidable complication which is very rare in patients with normal CAT. The agreement
between the CAT and DAT was low in our series; however, the DAT had a 100% agreement
with the SAT. Due to its excellent agreement with SAT, the Doppler would be the vascular
preoperative test of choice for patients eligible for reconstruction with a RFFF, mainly in
cases with doubtful or positive CAT, as it may help in therapeutic decision-making and
provide information that cannot be obtained by physical examination and CAT.

Author Contributions: Conceptualization, M.T. and C.N.C.; methodology, M.T., C.N.C. and I.N.C.;
software, A.M.L.L.; validation, M.T., C.N.C. and J.I.S.E.; formal analysis, M.T. and S.O.C.; investi-
gation, M.T. and A.D.M.; resources, M.T., I.N.C., A.D.M. and A.M.L.L.; data curation, M.T., S.O.C.
and C.N.C.; writing—original draft preparation, M.T.; writing—review and editing, M.T. and C.N.C.;
visualization, M.T. and C.N.C.; supervision, J.I.S.E. and C.N.V.; project administration, M.T. and
C.N.V.; All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and endorsed by the Hospital Ethics Committee at Gregorio Marañón
General Hospital, Madrid, Spain (protocol code maxilohgugm 09/2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to data protection regulations.

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

References
1. Yang, G.F.; Chen, P.J.; Gao, Y.Z.; Liu, X.Y.; Li, J.; Jiang, S.X. Forearm free skin flap transplantation: A report of 56 cases: 1981. Br. J.

Plast. Surg. 1997, 50, 162–165. [CrossRef]
2. Soutar, D.S.; Scheker, L.R.; Tanner, N.S.B.; McGregor, I.A. The radial forearm flap: A versatile method for intra-oral reconstruction.

Br. J. Plast. Surg. 1983, 36, 1–8. [CrossRef]
3. Evans, G.R.; Schusterman, M.A.; Kroll, S.S.; Miller, M.J.; Reece, G.P.; Robb, G.L.; Ainslie, N. The radial forearm free flap for head

and neck reconstruction: A review. Am. J. Surg. 1994, 168, 446–450. [CrossRef]
4. Bruner, T.W.; Hanasono, M.M.; Skoracki, R.J. Radial Forearm free flap morbidity: A rare case of a normal preoperative arteriogram

and acute intraoperative hand ischemia. Can. J. Plast. 2011, 19, 102–104. [CrossRef]
5. Heller, F.; Wei, W.; Wei, F.C. Chronic arterial insufficiency of the hand with fingertip necrosis 1 year after harvesting a radial

forearm flap. Plast. Reconstr. Surg. 2004, 114, 728–731. [CrossRef] [PubMed]
6. Jones, B.M.; O’Brien, C.J. Acute ischemia of the hand resulting from elevation of a radial forearm flap. Br. J. Plast. Surg. 1985, 38,

396–397. [CrossRef]
7. Nunoo-Mensah, J. An unexpected complication after harvesting of the radial artery for coronary artery bypass grafting. Ann.

Thorac. Surg. 1998, 66, 929–931. [CrossRef]
8. Holzle, F.; Kesting, R.; Nolte, D.; Loeffelbein, D.J.; Swaid, S.; Wolff, K.D. Reverisble ischaemia after raising a radial forearm flap

with ulceration of three fingers in a cigarrete smoker. Br. J. Oral Maxfac. Surg. 2006, 44, 57–59. [CrossRef]
9. Varley, I.; Carter, L.M.; Wales, C.J.; Warnock, N.; Whitfield, P.H. Ischaemia of the hand after harvest of a radial forearm flap. Br. J.

Oral Maxillofac. Surg. 2008, 56, 403–405. [CrossRef] [PubMed]

http://doi.org/10.1016/S0007-1226(97)91363-1
http://doi.org/10.1016/0007-1226(83)90002-4
http://doi.org/10.1016/S0002-9610(05)80096-0
http://doi.org/10.1177/229255031101900314
http://doi.org/10.1097/01.PRS.0000131018.41034.D4
http://www.ncbi.nlm.nih.gov/pubmed/15318053
http://doi.org/10.1016/0007-1226(85)90250-4
http://doi.org/10.1016/S0003-4975(98)00559-1
http://doi.org/10.1016/j.bjoms.2005.04.003
http://doi.org/10.1016/j.bjoms.2007.09.006
http://www.ncbi.nlm.nih.gov/pubmed/17996999


J. Clin. Med. 2021, 10, 3328 9 of 10

10. Ruengsakulrach, P.; Brooks, M.; Hare, D.L.; Gordon, I.; Buxton, B.F. Preoperative assessment of hand circulation by means of
Doppler ultrasonography and the modified Allen test. J. Thorac. Carciovasc. Surg. 2001, 121, 526–531. [CrossRef]

11. Ruengsakulrach, P.; Eizenberg, N.; Fahrer, C.; Buxton, B.F. Surgical implications of variations in hand collateral circulation.:
Anatomy revisited. J. Thorac. Cardiovasc. Surg. 2001, 122, 682–686. [CrossRef]

12. Allen, E.V. Thromboangeiitis obliterans: Methods of diagnosis of chronic occlusive arterial lesions distal to the wrist with
illustrative cases. Am. J. Med. Sci. 1929, 2, 1–8.

13. Jarvis, M.A.; Mullany, C.J.; Schaff, H.V. The Allen test. Ann. Thorac. Surg. 1999, 67, 876–877.
14. Taghinia, A.H.; Upton, J. Radial Forearm Flap. In Flaps and Reconstructive Surgery, 2nd ed.; Wei, F.C., Mardini, S., Eds.; Elsevier:

Amsterdam, The Netherlands, 2017; Volume 47, pp. 525–539.
15. De Vicente, J.C.; Espinosa, C.; Rúa-Gonzálvez, L.; Rodríguez-Santamarta, T.; Alonso, M. Hand perfusión following radial or ulnar

free flap harvest for oral cavity reconstruction: A prospective study. Int. J. Oral. Maxillofac. Surg. 2020, 49, 1402–1407. [CrossRef]
16. Ciria, L.G.; Gomez, C.T.; Talegon, M.A. Analysis of flow changes in forearm arteries after raising the radial forearm flap: A

prospective study using colour duplex imaging. Br. J. Plast. Surg. 1999, 52, 440–444. [CrossRef]
17. Numata, T.; Iida, Y.; Shiba, K.; Hanazawa, T.; Terada, N.; Nagata, H.; Konno, A. Usefulness of color Doppler sonography for

assessing hemodynamics of free flaps for head and neck reconstruction. Ann. Plast. Surg. 2002, 48, 607–612. [CrossRef] [PubMed]
18. Ichinose, A.; Tahara, S.; Terashi, H.; Yokoo, S.; Nakahara, M.; Hsahikawa, K.; Kenmoku, K. Importance of the Deep vein in the

drainage of a radial forearm flap: A haemodinamic study. Scand. J. Plast. Reconstr. Surg. Hand Surg. 2003, 37, 145–149. [CrossRef]
[PubMed]

19. Fronek, A. Noninvasive Diagnostics in Vascular Disease; McGraw-Hill: New York, NY, USA, 1989.
20. Ge, X.Z.; Huang, G.K. Use os distal arteries for microvascular reconstruction in forearm and hand surgery. Microsurgery 1996, 17,

180–183. [CrossRef]
21. Ngaage, L.M.; Hamed, R.R.; Oni, G.; Ghorra, D.T.; Ang, J.Z.; Koo, B.C.; Benyon, S.L.; Irwin, M.S.; Malata, C.M. Implications of

abnormal abdominal wall computed tomographic angiography findings on postmastectomy free flap breast reconstruction. Arch.
Plast. Surg. 2020, 47, 146–152. [CrossRef]

22. Alonso-Burgos, A.; Garcia-Tutor, E.; Bastarrika, G.; Cano, D.; Martínez-Cuesta, A.; Pina, L.J. Preoperative planning of deep
inferior epigastric artery perforator flap reconstruction with multislice-CT angiography: Imaging findings and initial experience.
J. Plast. Reconstr. Aesthet. Surg. 2006, 59, 585–593. [CrossRef]

23. Masia, J.; Kosutic, D.; Clavero, J.A.; Larranaga, J.; Vives, L.; Pons, G. Preoperative computed tomographic angiogram for deep
inferior epigastric artery perforator flap breast reconstruction. J. Reconstr. Microsurg 2010, 26, 21–28. [CrossRef] [PubMed]

24. Klein, S.; Van Lienden, K.P.; Van’t Veer, M.; Smit, J.M.; Werker, P.M. Evaluation of the lower limb vasculature before free fibula
flap transfer. A prospective blinded comparison between magnetic resonance angiography and digital subtraction angiography.
Microsurgery 2013, 33, 539–544. [CrossRef] [PubMed]

25. Schuderer, J.G.; Meier, J.K.; Klingelhöffer, C.; Gottsauner, M.; Reichert, T.E.; Wendl, C.M.; Ettl, T. Magnetic resonance angiography
for free fibula harvest: Anatomy and perforator mapping. Int. J. Oral Maxillofac. Surg. 2020, 49, 176–182. [CrossRef]

26. Hölzle, F.; Ristow, O.; Rau, A.; Mücke, T.; Loeffelbein, D.J.; Mitchell, D.A.; Stimmer, H.; Wolff, K.D.; Kesting, M.R. Evaluation
of the vessels of the lower leg before microsurgical fibular transfer. Part II: Magnetic resonance angiography for standard
preoperative assessment. Br. J. Oral Maxillofac. Surg. 2011, 49, 275–280. [CrossRef] [PubMed]

27. Rosson, G.D.; Singh, N.K. Devascularizing complications of free fibula harvest: Peronea arteria magna. J. Reconstr. Microsurg.
2005, 21, 533–538. [CrossRef] [PubMed]

28. Rosson, G.D.; Williams, C.G.; Fishman, E.K.; Singh, N.K. 3D CT angiography of abdominal wall vascular perforators to plan
DIEAP flaps. Microsurgery 2007, 27, 641–646. [CrossRef] [PubMed]

29. Gryseleyn, R.; Schlund, M.; Pigache, P.; Wojcik, T.; Raoul, G.; Ferri, J. Influence of preoperative imaging on fibula free flap
harvesting. J. Stomatol. Oral Maxillofac. Surg. 2017, 118, 265–270. [CrossRef] [PubMed]

30. Pratt, G.F.; Rozen, W.M.; Chubb, D.; Ashton, M.W.; Alonso-Burgos, A.; Whitaker, I.S. Preoperative imaging for perforator flaps in
reconstructive surgery: A systematic review of the evidence for current techniques. Ann. Plast. Surg. 2012, 69, 3–9. [CrossRef]
[PubMed]

31. Casares Santiago, M.; García-Tutor, E.; Rodríguez Caravaca, G.; Del Cerro González, J.; Klein, L.M.; Alonso-Burgos, A. Optimising
the preoperative planning of deep inferior epigastric perforator flaps for breast reconstruction. Eur. Radiol. 2014, 24, 2097–2108.
[CrossRef]

32. Dost, P.; Rudofsky, G. Doppler ultrasonography as a pre-operative aid to base the forearm flap on the radial or ulnar artery. Clin.
Otolaryngol. Allied Sci. 1993, 18, 355–358. [CrossRef] [PubMed]

33. Hirai, M. Digital blood pressure and arteriographic findings under selective compression of the radial and ulnar arteries. Angiology
1980, 31, 21–31. [CrossRef]

34. Fuhrman, T.M.; Pippin, W.D.; Talmage, L.A.; Reilley, T.E. Evaluation of collateral circulation of the hand. J. Clin. Monit. 1992, 8,
28–32. [CrossRef]

35. Haerle, M.; Häfner, H.m.; Dietz, K.; Schaller, H.E.; Brunelli, F. Vascular dominance inf the forearm. Plast. Reconstr. Surg. 2003, 111,
1891–1898. [CrossRef]

36. Bilge, O.; Pinar, Y.; Ozer, M.A.; Gövsa, F. A morphometric study on the superficial palmar arch of the hand. Surg. Radiol. Anat.
2006, 28, 343–350. [CrossRef]

http://doi.org/10.1067/mtc.2001.112468
http://doi.org/10.1067/mtc.2001.116951
http://doi.org/10.1016/j.ijom.2020.04.001
http://doi.org/10.1054/bjps.1999.3150
http://doi.org/10.1097/00000637-200206000-00007
http://www.ncbi.nlm.nih.gov/pubmed/12055429
http://doi.org/10.1080/2844310310007746
http://www.ncbi.nlm.nih.gov/pubmed/12841614
http://doi.org/10.1002/(SICI)1098-2752(1996)17:4&lt;180::AID-MICR3&gt;3.0.CO;2-P
http://doi.org/10.5999/aps.2019.00801
http://doi.org/10.1016/j.bjps.2005.12.011
http://doi.org/10.1055/s-0029-1223854
http://www.ncbi.nlm.nih.gov/pubmed/19742426
http://doi.org/10.1002/micr.22146
http://www.ncbi.nlm.nih.gov/pubmed/24038374
http://doi.org/10.1016/j.ijom.2019.09.005
http://doi.org/10.1016/j.bjoms.2010.05.003
http://www.ncbi.nlm.nih.gov/pubmed/20554360
http://doi.org/10.1055/s-2005-922432
http://www.ncbi.nlm.nih.gov/pubmed/16292729
http://doi.org/10.1002/micr.20423
http://www.ncbi.nlm.nih.gov/pubmed/17941105
http://doi.org/10.1016/j.jormas.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28529045
http://doi.org/10.1097/SPA.0b013e318222b7b7
http://www.ncbi.nlm.nih.gov/pubmed/22627495
http://doi.org/10.1007/s00330-014-3243-5
http://doi.org/10.1111/j.1365-2273.1993.tb00592.x
http://www.ncbi.nlm.nih.gov/pubmed/8877199
http://doi.org/10.1177/000331978003100104
http://doi.org/10.1007/BF01618084
http://doi.org/10.1097/01.PRS.0000057529.76413.D7
http://doi.org/10.1007/s00276-006-0109-9


J. Clin. Med. 2021, 10, 3328 10 of 10

37. Coleman, S.S.; Anson, B.J. Arterial patterns in the hand based upon a study of 650 specimens. Surg. Gynecol. Obstet. 1961, 113,
409–424. [CrossRef] [PubMed]

38. McCormack, L.J.; Cauldwell, E.W.; Anson, B.J. Bracial and antebrachial arterial patterns; a study of 750 extremities. Surg. Gynecol.
Obstet. 1953, 96, 43–54.

39. Uglietta, J.P.; Kadir, S. Arteriographic study of variant arterial anatomy of the upper extremities. Cardiovasc. Intervent. Radiol.
1989, 12, 145–148. [CrossRef] [PubMed]

40. Porter, J.C.; Mellow, C.G. Anatomically aberrant forearm arteries: An absent radial artery with co-dominant median and ulnar
arteries. Br. J. Plast. 2001, 54, 727–728. [CrossRef] [PubMed]

41. Bell, R.A.; Schneider, D.S.; Wax, M.K. Superficial ulnar artery: A contraindication to radial forearm free tissue transfer. Laryngoscope
2011, 121, 933–936. [CrossRef]

42. Acaturk, T.O.; Newton, E.D. Aberrant branch of the radial artery encountered during elevation of the radial forearm flap. J.
Reconstr. Microsurg. 1993, 9, 277–279.

43. Li, L.; Zeng, Z.Y.; Zhong, J.M.; Wu, X.H.; Zeng, S.Y.; Tang, E.W.; Chen, W.; Sun, Y.H. Features and variations of a radial artery
approach in southern Chinese populations and their clinica significance in percutaneous coronary intervention. Chin. Med. J.
(Engl.) 2013, 126, 1046–1052.

44. Gober, C.A.; Mujadzic, T.; Hershman, J.E.; Mujadzic, M.M. Anomalous radial artery as an incidental finding during a routine
carpal tunnel release. Hand (NY) 2017, 12, 101–103. [CrossRef]

45. Mersa, B.; Ozcelik, B.; Kuvat, S.; Pilanci, O. An anomalous course of the radial artery: Dissect rather than resect. Indian J. Plas.
Surg. 2010, 43, 228–229. [CrossRef]

46. Gwynne-Jones, D.P.; Hartnett, N.I. Aberrant radial artery seen in the carpal tunnel at carpal tunnel decompression: Case report. J.
Hand Surg. 2008, 33, 885–887. [CrossRef]

47. Mordick, T.G. Vascular variation o the radial forearm flap: A case report. J. Reconstr. Microsurg. 1995, 11, 345–346. [CrossRef]
48. Funk, G.F.; Valentino, J.; McCulloch, T.M.; Graham, S.M.; Hoffman, H.T. Anomalies of forearm vascular anatomy encountered

during elevation of the radial forearm flap. Head Neck 1995, 17, 284–292. [CrossRef] [PubMed]
49. Rodríguez-Niedenführ, M.; Vázquez, T.; Nearn, L.; Ferreira, B.; Parkin, I.; Sañudo, J.R. Variations of the arterial pattern in the

upper limb revisited: A morphological and statistical study, with a review of the literature. J. Anat. 2011, 1990, 547–566. [CrossRef]
50. Loukas, M.; Louis, R.G.; Almond, J.; Armstrong, T. A case of an anomalous radial artery arising from the thoracoacromial trunk.

Surg. Radiol. Anat. 2005, 27, 263–466. [CrossRef] [PubMed]
51. Icten, N.; Süllü, Y.; Tuncer, I. Variant high-origin radial artery: A bilateral case. Surg. Radiol. Anat. 1996, 18, 63–66. [CrossRef]

[PubMed]
52. Konarik, M.; Knize, J.; Baca, V.; Kachlik, D. Superficial brachioradial artery (radial artery originating from the axillary. Artery): A

case report and embryological background. Folia Morphol. (Warsz) 2009, 68, 174–178.
53. Yoo, B.S.; Yoon, J.; Ko, J.Y.; Kim, J.Y.; Lee, S.H.; Hwang, S.O.; Choe, K.H. Anatomical consideration of the radial artery for

transradial coronary procedures: Arterial diameter, branching anomaly and vessel tortuosity. Int. J. Cardiol. 2005, 101, 421–427.
[CrossRef] [PubMed]

54. Madaree, A.; McGibbon, I.C. Anatomic variation in the blood supply of the radial forearm flap. J. Reconstr. Microsurg. 1993, 9,
277–279. [CrossRef] [PubMed]

http://doi.org/10.1097/00006534-196201000-00028
http://www.ncbi.nlm.nih.gov/pubmed/13694610
http://doi.org/10.1007/BF02577379
http://www.ncbi.nlm.nih.gov/pubmed/2507150
http://doi.org/10.1054/bjps.2001.3706
http://www.ncbi.nlm.nih.gov/pubmed/11728121
http://doi.org/10.1002/lary.21465
http://doi.org/10.1177/1558944717691130
http://doi.org/10.1055/s-0039-1699445
http://doi.org/10.1016/j.jhsa.2008.02.005
http://doi.org/10.1055/s-2007-1006550
http://doi.org/10.1002/hed.2880170403
http://www.ncbi.nlm.nih.gov/pubmed/7672968
http://doi.org/10.1046/j.1469-7580.2001.19950547.x
http://doi.org/10.1007/s00276-005-0028-1
http://www.ncbi.nlm.nih.gov/pubmed/16132193
http://doi.org/10.1007/BF03207767
http://www.ncbi.nlm.nih.gov/pubmed/8685816
http://doi.org/10.1016/j.ijcard.2004.03.061
http://www.ncbi.nlm.nih.gov/pubmed/15907410
http://doi.org/10.1055/s-2007-1006667
http://www.ncbi.nlm.nih.gov/pubmed/8410786

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

