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Subunit Principle: Key Element for Plantar
Reconstruction with Free Sensate Flaps

Blanca Yadira Arambula Sanchez, Daniel De Luna Gallardo,
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Department of Plastic and Reconstructive Surgery, Hospital Central Sur de Alta Especialidad De
Petrdleos leos Mexicanos, Mexico City, Mexico

Purpose: Plantar wounds represent a frequent practice of the plastic and reconstruc-
tive surgeon. The uniqueness and high complexity of the microarchitecture and bio-
mechanics of the plantar region explain the complex challenge of its reconstruction.
With the advances in microsurgery, including the plantar subunit principle, both ap-
plied in the restoration of plantar defects through the use of sensorineural free flaps
have allowed an optimal reconstruction.

Methods: A descriptive, retrospective study was carried out in a period of time estab-
lished between January 2016 and January 2019, obtaining a total of 18 patients with
plantar defects, reconstructed using sensory free flaps. Tissue stability, recovery of pro-
tective sensitivity, early ambulation, and correct use of footwear were evaluated.
Results: The most frequent etiology was secondary to oncological resections due to
melanoma (n=12, 66.7%), followed by gunshot wounds (n=4, 22.2%). Subunit 3 was
the most frequently involved in 38.9% (n=7). In the 88.8% of the cases, was used an
anterolateral thigh flap (n=16) and the lateral antebrachial flap in 22.2% (n=2). The
free flap survival rate was 100%. An average of seven points was obtained at 6
months based on the Semmes-Weinstein test. The mean for the return to their daily
activities was 2.5 months. The patients of 94.4% (n=17) recovered ambulation and
could footwear.

Conclusion: The reconstruction of plantar defects must have a systematic approached,
taking the subunit principle as a central point. The treatment of plantar defects with
sensorineural free flaps represent an unprecedented option for optimal reconstruction.
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INTRODUCTION

Pelvic limb injuries, specifically plantar defect, constitute a frequent and com-
plex practice of the plastic and reconstructive surgeon. The most frequent causes
include vehicular trauma, oncological resections, motor vehicular trauma, burns,
or secondary to complications of chronic degenerative diseases [1-3].

The uniqueness and high complexity of the microarchitecture and biomechan-
ics of the foot explain the complex challenge of its reconstruction. First, the epi-
dermal thickness of the glabrous skin can be 10 to 13 mm, giving it a unique ca-
pacity for resistance and protection. Second, the strong dermal adherence to the
deep plantar fascia through fibrous septa in honeycomb arrangement, allow ade-
quate absorption and redistribution of loads. Third, the subcutaneous plantar tis-
sues (well-organized lobes of adipose tissue) act together to form specialized
structures to withstand compressive and shear forces, due to their high deforma-
bility. Fourth, the highly specialized sensory-motor integration of the foot togeth-
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er with the central nervous system play a fundamental role in
the standing, ambulation, and proprioceptive abilities. Last but
not least, the foot constitutes a key piece in the aesthetics of the
pelvic limb, so the contour and compactness in its subunits are
important psychological and cultural considerations, as is the
use of footwear [4-7].

Throughout history, a wide variety of therapeutic possibili-
ties have been developed for plantar reconstruction. However,
with the advent of microsurgery in the 1960s and with the con-
tinuous development of new techniques and principles of re-
construction, the use of sensatel free flaps has become highly
relevant in this anatomical region [8-10].

HollenbecK’s plantar subunit principle [11] (Table 1, Fig. 1) is
a watershed in the treatment of plantar lesions. This principle
analyzes the specific characteristics of the plantar skin and also
recognizes that each subunit has different biophysical, func-
tional, and aesthetic demands. Hollenbeck et al. [11] divide the
ankle and plantar region into seven subunits, each of which re-
quires specific anatomical, biomechanical, and aesthetic char-

Table 1. Hollenbeck plantar subunits

Subunit Demand

1 Low functional

2 High functional

3/4 Low functional

5 High functional

6/7 Moderate functional

Fig. 1. Hollenbeck's plantar subunits.

a4

acteristics for optimal restitution. Thus, if units 3, 4, 6, and 7
(low load units) are well reconstructed with thin and flexible
flaps, subunits 2 and 5 require more shear resistant tissues since
they are high load sites and finally the subunit 1 could even de-
pending on the case not be rebuilt. Therefore, at present, the
reconstructive requirements demand a planning based on the
anatomical subunits, in order to achieve maximum sensitive
recovery, with restitution of anatomical harmony [7,8,12].

This publication aims to show the experience of 3 years in a
specialized center in Mexico City, in reconstruction of plantar
defects with free sensate flaps.

MATERIALS AND METHODS

This study was exempt from ethics committees because it is a
retrospective study that does not publish patient identities or
location data, as well as being observational and retrospective.

A descriptive, retrospective study was carried out in a period
of time established between January 2016 and January 2019 ob-
taining a total of 18 patients with plantar defects; all of them
operated by the same micro-surgeon. The reconstructive re-
quirement was evaluated based on the characteristics of the de-
fect, such as size, skin coverage, bone involvement, and integri-
ty of the deep plantar fascia; and classified according to Hollen-
beck etal. [11].

The flaps used were the lateral antebrachial and anterolateral
flaps of the subfascial thigh, including the lateral brachial sen-
sory nerve and the lateral descending femoral nerve, respec-
tively. An insite was performed for the restoration of the ana-
tomical-functional subunit, arterial anastomosis, two venous
anastomoses, and end-to-end nerve coaptation, as well as ad-
herence of the deep fascia to the plantar fascia and splint in an-
atomical position. The resulting donor area was managed with
split-thickness skin graft vs. primary closure.

Demographic data such as age, sex, diagnosis, size of the de-
fect, affected plantar subunit, flap performed, recipient vessels
and nerves, time of reincorporation to daily activities, and sen-
sory-protective evaluation were collected 6 months and 1 year
of the postoperative with the Semmes-Weinstein test. Those
cases that did not have the variables to collect and those that

did not comply with the minimum follow-up were discarded.

RESULTS

Eighteen patients were obtained for the reconstruction of de-
fects with transfer of free sensate tissue during the designated
period of time (Table 2). Fifty percent were females and 50%
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Table 2. Demographic data

Case No. Sex Age (yr) Diagnosis Defect size (cm)  Affected subunit Sensate flap Follow-up (6-12 mo)
1 Female 51 Melanoma 10x7 2 ALT 15
2 Female 77 Melanoma 8x6 3 ALT 2.0
3 Male 54 Melanoma 7.5x 10 3 ALT 2.0
4 Male 62 Melanoma 10x9 3 Forearm 2.0
5 Male 50 Gunshot trauma 10x 12 3 Forearm 20
6 Male 35 Motor vehicle trauma 12x 11 2 ALT 2.0
7 Male 39 Motor vehicle trauma 10x9 6 ALT 2.0
8 Male 61 Gunshot trauma 10x8 7 ALT 15
9 Male 77 Melanoma 6x9 5 ALT 15
10 Male 72 Melanoma 7%10 3 ALT 2.0
" Female 49 Gunshot trauma 8x5 4 ALT 2.0
12 Male 64 Melanoma 11.5x 10 4 ALT 2.0
13 Female 42 Gunshot trauma 125x8 4 ALT 3.0
14 Female 46 Melanoma 10x8 4 ALT 2.0
15 Female 40 Melanoma 10.5% 10 3 ALT 20
16 Female 51 Melanoma 55x%x9 3 ALT 1.5
17 Female 50 Melanoma 6.5x4 5 ALT 15
18 Female 46 Melanoma 10x11.5 5 ALT 15
ALT, anterolateral flap of the thigh.
were males. The mean age was 53.6 years (range, 45 to 62.5 8- Incidence of plantar subunit affected
years). The most frequent etiology was secondary to oncologi- 7
cal resections due to melanoma (n=12, 66.7%), followed by 6
gunshot wounds (n=4, 11.1%) and finally motor vehicle trau- g ¢
ma (n=2, 11.1%). §
In our study, subunit 3 was the most frequently involved in qi :_
38.9% (n=7); subunit 4 in 22.2% (n=4), subunit 5 in 16.7% =
(n=3), subunit 2 in 11.1% (n=2), and finally subunits 6 and 7 24
with 5.5%, respectively (Fig. 2). For vascular assessment and L 0
preoperative evaluation, Doppler ultrasonography was per- 0 : ) 3 A 5 6 .

formed in 77.8% (n=14) and contrast computed tomography
in 22.2% (n=4).

Two main donor sites for free sensate flaps, the anterolateral
thigh (ALT) flap (Fig. 3) in 88.9% (n=16), and the lateral fore-
arm flap (Fig. 4) in 11.1% (n=2) were used. The most frequent
recipient vessel was the pedis artery, followed by the posterior
and anterior tibial arteries. For nerve coaptation, the deep pe-
roneal nerve was used in most cases as the receptor nerve, fol-
lowed by the medial plantar nerve.

The survival rate of free flaps was 100% at 1-year follow-up
(n=18). One case (5.6%) suffered a complication that required
reoperation in a patient undergoing ALT due to a wound from
gunshot wounds, with bleeding (organized hematoma), with-
out compromising the vascular pedicle and without a flap loss.
The mean follow-up was 1.8 years with at least six serial post-
operative follow-up visits.

https://doi.org/10.12790/ahm.20.0046

Affected subunits of the sole of the foot

Fig. 2. Incidence of plantar subunit affected.

For the assessment of sensitivity and sensory-protective ca-
pacity, all patients underwent the Semmes-Weinstein test using
the eight plantar points, at 6- and 12-month follow-up. Observ-
ing an average of seven points at 6 months and 7.3 points at 12
months translates to a recovery of protective sensitivity. The
mean for reincorporation to their daily activities was 2.5
months (range, 2 to 4 months). In 94.4% of the cases (n=17)
were able to walk without assistance, in an average time of 3.8
months. Finally, 94.4% (n=17) were able to wear footwear in
less than a year (Table 3).
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Fig. 3. (A) Plantar melanoma in the heel region. (B) Anterolateral thigh flap reconstruction and mediate result. (C) Result at 6-month

postoperative follow-up.

Fig. 4. (A) Cutaneous defect after subunit 2 melanoma resection. (B) Free radial flap reconstruction with immediate postoperative result.
(C) Six-month postoperative follow-up.

DISCUSSION

The skin covering of the plantar region differs from any oth-
er part of the body, due to its complex microarchitecture and
unique biomechanics to which it is tested on a daily basis. For
this reason, it makes its reconstruction an unprecedented chal-
lenge, especially when the surgical principle of “Replace like
with like” is taken as the cornerstone [1,13-15].

Throughout history, multiple reconstructive strategies have
been proposed for plantar defects; skin graft, regional and dis-
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tal flaps. Today, it is widely known that the exclusive use of skin
grafts should not be considered as the first therapeutic option,
due to the low weight-bearing capacity, associating with a high
rate of chronic ulceration [16-18]. As a result, the indiscrimi-
nate use of regional flaps became a frequent practice, with the
advance flaps in V-Y [19-21], rotational and transposition
standing out [22]. However, these have been linked with re-
strictions in the arches of movement, comorbidities in the do-
nor area, joint stiffness, late limb amputations, and border hy-
perkeratosis; therefore, their use has been limited for the recon-
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Table 3. Postoperative evaluations

Case Receptive Receptive Return to daily ~ Sensitivity
No. vessel nerve activities (mo)  evaluation
1 P PP 2 7-7
2 P PP 2 8-8
3 P PP 2 8-8
4 P PP 2 6-8
5 P PM 2 7-7
6 P PM 3 8-8
7 P PP 2 8-8
8 P PM 3 7-8
9 P PM 2 7-8
10 TP NA 4 NA
" P PP 3 8-8
12 P PP 2 8-8
13 P PP 2 7-8
14 TP PP 2 7-7
15 TA PP 2 7-8
16 TA PM 1 7-8
17 P PM 2 8-8
18 P PP 1 8-8

TP, posterior tibial artery; P, pedia artery; TA, anterior tibial artery; PP,
deep peroneal nerve; PM, medial plantar nerve; NA, no nerves.

struction of suprafascial defects with small size [8,16,17].

Nowadays, advances in microsurgery with the use of free
sensate flaps can provide a completely functional and aesthetic
reconstruction [23], where the therapeutic objectives should be
emphasized toward the return to walking without assistance,
restoration of protective sensitivity (deep pressure, vibration,
temperature, and two-point discrimination), restoration of the
deep plantar fascia, and tissue capability for redistribution of
loads (differs for each subunit), all without interfering with the
proper fit of the footwear [11,17,24].

In general, the evidence showed in the literature, as well as in
our study, has shown that fasciocutaneous flaps represent the
ideal tissue for the reconstruction of plantar defects secondary
to oncological resections and high-energy trauma [25]. Its
main indication lies in plantar defects with a subfascial com-
promise, secondary reconstructions, or exposure of deep struc-
tures (bone, nerve, or vascular tissue) [8,11,16].

As reported in the literature as in our study, the ALT and the
forearm flap have been the most frequently used free flaps [8].
The versatility of the ALT flap allows it to be modified accord-
ing to the needs of the defect when it is referring to its shape
and volume, since it can be divided into its individual perfora-
tors to improve its contour and thin up to 4-7 mm without
presenting increased risk of necrosis, respectively [26,27]. Like-
wise, it provides a cutaneous island of up to 370 cm’, which is

https://doi.org/10.12790/ahm.20.0046

why use in wide and complex defects has advantages over other
free flaps [28-30].

On the other hand, the forearm flap stands out for its great
adaptability, wide cutaneous island, and the volume necessary
to restore defects in plantar regions, being an ideal flap for the
use of footwear [31,32]. Both the forearm flap and the ALT al-
low harvesting as sensorineural flaps, through antebrachial cu-
taneous nerves and lateral femoral cutaneous, respectively
[8,33]. Other flaps described include the medial plantar, graci-
lis, scapular, dorsal pedis, among others. However, these do not
offer superiority over those used in our study [5,16,34-36].

The sensory-protective capacity of free flaps continues to be
a matter of debate today. Although fasciocutaneous flaps per se
have been shown to present a certain degree of sensory recov-
ery, various studies have shown that nerve coaptation to the re-
ceptor site significantly improves early sensitivity and two-
point discrimination ability [16,33,37]. In our series, nerve co-
aptation was performed outside the compromised subunit, in
other to avoid aberrant sensitivity, presenting very encouraging
results for our patients. In this context, it can be associated with
our low rate of pressure ulcers, as reported by Oh et al. [5] and
Sonmez et al. [38].

Chronic ulceration and border hyperkeratosis represent the
most feared and frequent late complications reported in the lit-
erature, especially seen in reconstructed subunits with high
load demand (subunit 2-5) [8,11]. In our series, we have ob-
served a significant decrease in it (n=0); this explained by the
type of flaps used and also by the complete restoration of the
subunit involved since the border sites (anatomical interval be-
tween the flap and native plantar tissue) constitute the most
frequent place of appearance due to differences in mobility and
load redistribution in this interface [11]. The reduction of these
complications is reflected, in an important decrease of second-
ary surgeries, where flap thinning surgeries can become obso-
lete.

In our study, long-term follow-up revealed good results, re-
gardless of the flap used, with short periods of restart of ambu-
lation being observed as well as early return to daily activities.
As reported by Heidekrueger et al. [12], long-term aesthetic
and functional results have an important influence on quality
of life, and these in turn are a reflection of early and late com-
plications during treatment.

It was observed that the choice of the flap type did not affect
the rate of late major surgical complications (late instability and
late amputation) as reported in the study by Cho et al. [25].
Agreeing with Jen and Wei [39], where the best reconstructive
technique is not measured by the method, but by the skill and
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experience of the surgeon to determine the correct therapeutic
method.

Finally, the authors acknowledge the limitations that a retro-
spective study presents and that an important limitation was
that the two-point discrimination is not evaluated in each of
the flaps, and that this could be evaluated in future studies. Al-
though the majority of plantar defects developed secondary to
oncological resections and high-energy trauma, it is thought
that the presence of vascular insufficiency related to atheroscle-
rosis due to chronic degenerative diseases can change the out-
look and prognosis; for this reason, the evaluation of each plan-
tar defect must be done individually.

CONCLUSION

Reconstruction of plantar defects represents an unprecedent-
ed challenge, due to the complex microarchitecture and biome-
chanics that each subunit is being tested for. For the authors of
this article, each reconstruction should be approached in a sys-
tematic way, taking the subunit principle as a central point,
seeking as an objective the anatomical, functional and aesthetic
restoration; these determined by an adequate sensory-protec-
tive recovery, adequate skin coverage, walking capacity, and the
ability to wear footwear.

We can conclude that both variants of free sensate flaps (ALT
and antebrachial) constitute an adequate option for the integral
reconstruction of plantar defects.
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