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Innervated breast reconstruction: a narrative review of
neurotization techniques and outcomes
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Background and Objective: While significant sensation recovery improvements in neurotized breasts
following reconstruction have been reported, sensation testing methods and surgical techniques have been
widely variable. This narrative review aims to summarize available literature on current neurotization
practices and sensory recovery outcomes in patients undergoing innervated breast reconstruction.
Methods: A comprehensive literature search of PubMed Medline, Web of Science, and Embase was
conducted to identify all studies reporting outcomes of neurotization in breast reconstruction surgeries.
Data analyzed included operative times, neurotization techniques, sensory outcomes, and methods as well as
patient reported outcomes.

Key Content and Findings: Despite the heterogeneity of various studies reviewed, all forms of
neurotization achieved earlier and superior sensory recovery throughout the reconstructed breast skin
compared to non-innervated breasts. In absence of randomized controlled trials or high-quality comparative
studies, further evidence is required to objectively confirm this technique offers better sensory recovery.
Conclusions: Neurotization at the time of breast reconstruction may lead to improved sensation and
patient reported outcomes delineating improved quality of life compared to non-innervated breasts. Future
studies need to standardize the way that breast sensation is measured and determine pre-operative variables
leading to expected changes in final sensation recovery to help manage surgical outcome expectations of both

the surgeon and the patient.
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Introduction

Advancements in microsurgery have led to marked
improvements in the techniques and outcomes of peripheral
nerve repair (1,2). The evolution of peripheral nerve
surgery has led to the expansion of different types and
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configurations of nerve repair that can be performed. Apart
from the common primary end-to-end neurorrhaphy,
newer techniques include end-to-side neurorrhaphy and
the use of nerve grafts, nerve conduits, and nerve transfer

in cases where a nerve gap is present (3,4). The global
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understanding and research on the functional outcomes
of nerve repair have paved the way for the evaluation of
its applicability in various cases or fields of surgery such as
breast reconstruction (5).

Breast cancer is one of the most common cancers
diagnosed in women worldwide (6,7). Approximately,
264,121 women in the US were diagnosed with breast
cancer in 2019 (8). As advancements in breast surgical
oncology continue to improve, yielding a 5-year survival
rate of 90% or more, most efforts have been directed
toward reducing morbidity associated with breast cancer
reconstruction. New technologies and innovations have
been developed to improve reconstructive techniques
to enhance functional and aesthetic outcomes, both of
which play a substantial role in patients’ quality of life and
psychological well-being (6,9-12). One major cause of
patient dissatisfaction has been the significant decrease in
sensation after mastectomy. Although well documented,
spontaneous return of sensation following non-innervated
autologous breast reconstruction remains variable and
uncertain (13,14). As such, nerve repair at the time of
a breast reconstruction surgery has gained significant
importance and has become a subject of debate requiring
investigation (12,15-17).

Most reconstructive surgeons do not prioritize breast
reinnervation due to the time-consuming and unpredictable
nature of neurotization (18). Additionally, as some sensation
can be regained through nerve regeneration from adjacent
post-mastectomy skin, surgeons may feel that the added
time and complexity of neurorrhaphy is not worth it (18).
The traditional nerve used for breast flap neurotization—
the lateral cutaneous branch of the fourth intercostal
nerve—is often damaged during mastectomy and located
in a separate microsurgical field, further complicating the
procedure (18,19). Because there is usually no undamaged
recipient nerve readily available, routine innervation
is limited (18). On this matter, the implementation of
the anterior cutaneous branch of the third intercostal
nerve as a recipient nerve for coaptation, advancements
in microsurgery and supermicrosurgery, and the use of
nerve allografts and conduits, have improved outcomes in
innervated breast reconstruction (2,18,20). Therefore, this
review aimed to summarize the available literature on current
neurotization practices and sensory recovery outcomes in
patients undergoing innervated breast reconstruction. We
present this article in accordance with the Narrative Review
reporting checklist (available at https://atm.amegroups.com/
article/view/10.21037/atm-23-504/rc).
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Methods

We performed a narrative review with a systematic search
to identify current literature on surgical outcomes of
neurotization following innervated breast reconstruction.
Source references were identified through PubMed
Medline, Web of Science (Clarivate Analytics), and Embase
(Elsevier) to identify English-written abstracts and articles
published between database inception and April 2023. The
following terms were used in different combinations: “Deep
inferior epigastric perforator”, “DIEP/DIEAP”, “Latissimus
dorsi”, “Implant”, “Expander”, “Flap”, “Microsurgery”,
“Breast”, “Mammaplasty”, “Reconstruction”,
“Reinnervation”, “Neurotization” “Neurorraphy”,
“Anastomosis”, “Sensation”, “Axogen”, “Neuromatrix”,
“Avance”, “Neuromed”, and “Neuroflex”.

Results
Innervation of the female breast and nipple

The breast skin receives bilateral innervation from lateral
cutaneous branches and anterior cutaneous branches of
multiple intercostal nerves (21). Several studies have shown
that the sensory input to the breast skin mainly comes from
the lateral cutaneous branches of the second, third, and
sixth intercostal nerves, as well as the anterior cutaneous
branches of the second through sixth intercostal nerves
(Figure 1) (21-27). One of the most constant findings of
studies evaluating the anatomy of breast is that the lateral
cutaneous branches of the fourth and fifth intercostal nerves
contribute to breast skin innervation (21-27). On the other
hand, the anterior cutaneous branches and lateral cutaneous
branches of the first and seventh intercostal nerves are often
not traced to their final destination in the breast skin (21-26).
There have been studies indicating that the cutaneous
branches of the supraclavicular nerves play a role in
providing sensation to the upper part of the breast, but none
of these studies have provided specific information about
the extent of their involvement (21,24,26,27). Regarding the
fourth intercostal nerve, the anterior and lateral cutaneous
branches on average supply the largest surface area of
the breast skin (17.5% and 19.2%, respectively) (21,25).
Currently, no conclusive data exist indicating whether
the anterior cutaneous branches or the lateral cutaneous
branches contribute more to the cutaneous innervation of
the breast (21,25,26).

Similar to the breast skin, the nipple and nipple-areola
complex are innervated by the anterior cutaneous branches
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Figure 1 Dispersion of the course of nerve branches innervating
the breast and NAC in the frontal plane according to Tuinder ez
al. (21). LCB, lateral cutaneous branches; ACB, anterior cutaneous

branches; NAC, nipple-areola complex.

and lateral cutaneous branches of multiple intercostal
nerves (21). On a previous meta-analytic model, the
authors determined that the lateral cutaneous branch of
the fourth intercostal nerve was the most prevalent source
of innervation for the NAC (pooled rate 89%; 95% CI,
80-94%) (21,25,27-32). Studies evaluating the role of
the anterior cutaneous branches of the second to fifth
intercostal nerves and lateral cutaneous branches of the
third and fifth intercostal nerves in breast innervation
have shown significant variability in their findings (21).
According to Jaspars et 4l. , the anterior cutaneous branch
and lateral cutaneous branch of the fourth intercostal nerve
innervate the largest surface area of the nipple and nipple-
areola complex on average (35.5% and 29.8%, respectively)
21,25).

Different trajectories have been reported regarding the
course of intercostal nerves innervating the NAC. Some
reports have described the nerve trajectory as mainly
superficial via the subcutaneous tissue, predominantly
involving the anterior cutaneous branches (21,25,26,29).
Other studies have described a predominant deep
subcutaneous course followed by a sharp (sometimes
90°) change of direction toward the surface of the breast
(21,26,28,29,33). An “S-shaped” (logistic growth curve)
course starting with an originally deep subcutaneous
trajectory followed by a steady change of direction toward
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the breast surface has also been described in multiple
studies (21,24,25,32,34). Finally, a bifid course where nerves
are divided into two branches has also been reported, one of
them traveling deep course through the gland and another
traveling superficially through the subcutis (21-23,27). This
type of nerve course is characteristic of anterior cutaneous
branches and lateral cutaneous branches of the fourth and
fifth intercostal nerves.

Sensory testing methods

"To evaluate sensory recovery, sensory testing usually includes
a (I) sensory modality or device, (II) the skin areas being
tested, and (III) the way calculations are done. Unfortunately,
testing for sensory recovery after neurotization during
breast reconstruction has been inconsistent in the literature.
Tactile pressure seems to be the only modality widely and
homogenously employed, almost reaching a consensus.
Although traditional physical examination such as finger
touch can be used for that purpose, as Doncatto et a/. (35) and
Peled et al. (36) indicated, many more studies have used the
Semmes-Weinstein monofilaments (SWS) to test for pressure
sensation. For instance, Isenberg ez al. (37,38), Yano et al. (39),
Mori et al. (40), Cornelissen et al. (41), Beugels ez al. (16,42),
Bijkerk ez al. (43), and Puond et a/. (44,45) all used SWS to
test for tactile pressure sensation. Another study also added
an enhanced version of the SWS, the WEST device (46).
A third way to test for pressure, although less common,
is using the pressure-specified sensory device (PSSD).
Magarakis ez al. (47), Spiegel et 4l. (18), and Djohan ez 4/. all
tested for pressure using this device (48).

The other but less common modality to test for sensory
recovery can be temperature discrimination. Several studies
by Yano er al. (39), Isenberg et al. (37,38), Yap er al. (49),
Mori et al. (40), and Puonti er 4/. (44,45,50) used a thermo-
esthesiometer or probe with different temperatures,
while two other studies used hot/cold water-filled test
tubes (12,35). Another tactile sensation modality is two-
point discrimination, which is usually tested using a
DiskCriminator. Several studies have used this modality as
one way to examine sensation recovery (36-38,44-46,50,51).
Many other sensation tests like vibration, pain, and
sharp or blunt sensation can also be used; however, their
implementation has been highly heterogeneous and not
systematic (35,40,44,45,50).

To assess for sensory recovery, the breast skin (native
breast skin, flap skin, or the opposite untouched breast
skin) is mainly divided into four quadrants and a central
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Figure 2 Different methods to assess sensation in the breast (blue shadow: flap’s skin paddle). (A) Assessment of sensation according to

Magarakis et al. (47); (B) assessment of sensation according to Yap ez al. (49); (C) assessment of sensation according to Mori & Okazaki (40).

area (i.e., the nipple-areola complex) (Figure 2). Magarakis
et al. (47) and Beugels er 4l. (16) examined the LUQ, LLQ,
RUQ, RLQ, and the central areas of the flaps’ skin (tissue
transfer) and the same four quadrants on the native breast
skin. An additive to this design is to examine the quadrants
on two or three different radii outward from the center, as
Yap er al. (49), Cornelissen ez al. (41) and Bijkerk ez al. (43)
described in their series. Another similar design previously
described would incorporate the division of the breast into the
nipple, areola, superior, inferior, lateral, and medial areas (40,48).

As such, there is no consensus amongst studies in terms
of the number and the designed locations of the skin areas
to be tested for sensory function, as well as examining the
flap’s skin only or the native breast skin too. The number
of areas tested also changes in some studies depending on
the sensory testing modality. For example, Puonti er 4l
tested for pressure, sharp or blunt sensation, and vibration
sensation in five different areas, while they tested for 2-point
discrimination in only two areas (50).

In addition, methods used to calculate the results of the
sensory tests are very much inconsistent across the studies
that were evaluated. Cornelissen ez al. tested each area three
times and calculated the mean (41), Magarakis et 4/. tested
five times every area and calculated the mean of the middle
three values (47), Beugels er al. (42) and Bijkerk et al. (43)
tested three times per area and chose the lowest value, while
Djohan et 4l. and Spiegel ez al. recorded a threshold (18,48).
Furthermore, there are inconsistent definitions to which the
patient was blinded to the intervention. On this matter, an
ideal test requires the patient to be unable to see the area
being tested.
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Techniques for neurotization

Several types of nerve repair are utilized during innervated
breast reconstruction. These include direct end-to-end
repair, end-to-side repair, nerve conduits, and nerve grafts
(Figure 3) (52). Typically, nerve coaptations are carried out
with two to four epineural or perineural stitches using 8-0
to 10-0 nylon sutures. In two studies by Temple ez a/. (12,46),
the authors reported using 9-0 nylon sutures for two to three
epineural stitches, while two other studies by Puonti et /.
mentioned the use of perineural stitches (44,45). Puonti ez 4.
also used three to four stitches in some cases (45).

Some authors have also described that tissue glue or
fibrin sealant can be applied to the repair. For instance,
Beugels et al. and Bijkerk et al. used 9-0 nylon sutures as
well but added a drop of tissue glue and fibrin sealant,
respectively (16,43). Cornelissen et a/. used 10-0 nylon
sutures and added tissue glue (41). Despite being a
sophisticated and resourceful technique, the effect of tissue
glue or fibrin sealant on better outcomes for innervated
breast reconstruction requires further examination.

Direct end-to-end or end-to-side coaptation

Innervated breast reconstruction using direct coaptation
appears to improve the likelihood of obtaining higher-
quality sensory recovery. Many studies have reported
higher sensitivity, or decreased sensory threshold for
pressure, vibration, temperature discrimination, and pain in
innervated breasts with direct coaptation for neurotization
than non-innervated breast reconstruction. Also, innervated
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Figure 3 Methods of neurotization utilized in innervated breast reconstruction. §, tissue glue or fibrin sealant.

breasts may sustain not only an earlier but also a more
widespread sensory recovery throughout the flap. In
several studies evaluating the role of innervated autologous
breast reconstruction, Temple et /. (46) [transverse rectus
abdominis myocutaneous (TRAM)], Puonti et al. (50)
(TRAM), Yano et al. (39,53) [latissimus dorsi flap (LDF)],
Bijkerk et al. (43) [lateral thigh perforator flap (LTP) &
DIEP], and Yap et al. (49) ('RAM) reported that sensory
recovery in non-innervated breasts started at the periphery
and was the poorest centrally, while in the innervated
breasts, return of sensation began in the center and
expanded throughout the whole flap. On this matter, further
studies are required to assess sensory recovery in flaps that
are de-epithelialized compared to flaps that are partially de-
epithelialized or are not de-epithelialized at all.

The most commonly utilized technique for direct
coaptation is a direct end-to-end repair. In a prospective
study by Beugels et 4l., forty-eight innervated deep inferior
epigastric perforator (DIEP) flaps were performed in 36
patients using the end-to-end neurotization method and
were compared to patients who underwent non-innervated
DIEP flap breast reconstruction (16). Nerve coaptation
was significantly associated with lower monofilament
values in all areas of the reconstructed breasts (P<0.001),
indicating that sensory recovery was significantly worst
in non-innervated DIEP flaps compared with innervated
DIEP flaps (16). The authors also demonstrated that for each

additional month of follow-up, the mean monofilament value

© Annals of Translational Medicine. All rights reserved.

of the total skin decreased by 0.012 in non-innervated flaps
and 0.083 in innervated flaps (P<0.001), demonstrating faster
sensory recovery in innervated reconstructed breasts (16).

Bijkerk et al. carried out a retrospective study on
15 patients who underwent bilateral autologous breast
reconstruction using DIEP or lateral thigh perforator
(LTP) flaps with unilateral end-to-end sensory nerve
coaptation (43). Sensory measurements 12 months after
breast reconstruction demonstrated that sensation in the
innervated breasts reached near normal levels in almost half
of the breast (44.4%; four of five areas), in both the native
skin and the flap skin, while sensation was significantly
impaired after non-innervated breast reconstruction in most
areas (88.9%) (43).

Several studies have also used the DIEP flap for autologous
breast reconstruction and neurotization with direct coaptation
obtaining favorable results. For instance, Blondeel et a/. had
24 breasts in 23 patients reconstructed with DIEP flaps with
an end-to-end nerve repair (54). Pilot studies by Magarakis
et al. and Cornelissen et al. evaluated 5 DIEP flaps and 18
patients who had DIEP flaps, respectively, both using a direct
end-to-end nerve repair (41,47).

Delayed-immediate autologous breast reconstruction
is a common practice when DIEP flaps are used (55,56).
However, some surgeons interested in innervated breast
reconstruction may opt for immediate DIEP flap transfer
to avoid worse outcomes regarding sensory recovery. On
this matter, recent reports have demonstrated that sensory
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recovery is comparable with autologous reconstruction
and neurotization using either an immediate or delayed-
immediate approach (57). Otterburn er al. evaluated the
postoperative outcomes of 46 delayed-immediate breast
reconstructions and 120 immediate reconstructions
with DIEP flaps (57). Reconstructions in the delayed-
immediate group underwent the final-stage neurotized
flap reconstruction 12 months after initial tissue expander
placement, on average (57). At an 18-month follow-up after
mastectomy (6 months after DIEP), delayed-immediate
reconstructions had comparable sensory outcomes as
immediate DIEP flap reconstructions in all regions of the
breast (P>0.05) (57). Twenty-four months after surgery,
cutaneous thresholds of delayed-immediate procedures were
comparable to baseline (preoperative) sensory measures in
all regions of the breast (P>0.05), except the inner inferior
region. This sensory recovery pattern was similar to the one
of immediate DIEP flap reconstructions (57).

Other studies have evaluated the role of the TRAM
flap for innervated breast reconstruction. For instance,
Mori et al. (40) and seven other research groups presented
the outcomes of TRAM flap breast reconstruction
with end-to-end nerve coaptation for neurotization
(12,37,38,46,49,51,53). Initial reports indicated that the
innervated TRAM flaps provided better quality of life (12),
temperature differentiation (P=0.02), and sensitivity to fine
touch in the flap skin (P=0.003) and in the non-flap skin
(mastectomy flap; P=0.037) compared with non-innervated
TRAM flaps (P<0.001) (49). It must be highlighted, that the
type of mastectomy and the amount of mastectomy flaps left
in situ can significantly affect the postoperative outcomes of
innervated TRAM flap for breast reconstruction (40). For
instance, while Mori ez a/. reported that non-innervated
flaps showed worst recovery of touch and pain sensations
than innervated flaps when a conventional mastectomy was
performed, comparisons between the non-innervated and
innervated groups showed no significant difference when
nipple-sparing or skin-sparing mastectomies were used (40).

Several other flaps have been used for innervated
autologous breast reconstruction. Blondeel et 4/. gathered
data on free S-GAP (superior gluteal artery perforator)
flaps used on 20 breast reconstructions where end-to-
end nerve repair was utilized in two reconstructions and
provided an early sensory recovery (58). Beugels er al.
conducted a prospective study on patients undergoing non-
innervated versus innervated LTP flap breast reconstruction
along with direct nerve repair (42). Other authors have
evaluated the latissimus dorsi (LD) myocutaneous flap
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for breast reconstruction accompanied by end-to-end
neurorrhaphy, demonstrating that regional flaps are also a
valuable alternative for neurotization (39). Using the lateral
cutaneous branch of the dorsal primary division of the 7
thoracic nerve as a donor nerve for innervated LD flaps,
Yano et al. obtained a faster recovery and near baseline
sensory perception compared to reconstructions that did
not undergo innervated breast reconstruction, where
sensory recovery was poor (39).

Regarding the length of peripheral nerves for coaptation,
to create a tensionless repair in any of the sensate breast
reconstruction types, efforts are made to dissect and
transect nerves at a maximal length with the least damage to
the donor or recipient sites. Yano et 4l. reported transecting
a donor nerve of greater than ten centimeters in one study
and a minimum of seven centimeters in another (39,53), and
a recipient nerve length of six to seven centimeters in both
(39,53). Other surgeons were more conservative and used
shorter nerves. In two studies by Blondeel ez 4/., the authors
described that the harvested donor nerve length ranged
between three and nine centimeters (54,58). An additional
primary aim of an appropriate nerve length, is to allow for
adequate inset of the flap that maintains standard aesthetic
goals whilst not compromising pedicle safety.

Objective evidence of an earlier return of sensation
in neurotized breasts is manifested at an average of six
months following reconstruction. Two studies by Yano ez /.
reported earlier signs of recovery starting at six months
after LDF transfer or reconstruction with TRAM flap
(39,53). Another study by Blondeel et /. showed earlier
signs of sensory recovery beginning between five and seven
months after the operation (58), while recovery in a study
by Yap et al. began four to six months after reconstruction
with neurotized TRAM flap (49). On the other hand, non-
innervated breasts may take at least a year before sensation can
start to recover. Yano et 4/. indicated that sensory recovery in
non-innervated breasts took more than a year to kick in (39),
while their other previous study described a lengthier
recovery starting more than 2 years after surgery (53).
Furthermore, Yap ez a/. reported that recovery in non-
neurotized breasts started 12 to 14 months after surgery (49).

Interestingly, although neurotized breasts reach greater
levels of sensory recovery (e.g., protective sensation)
compared to non-innervated ones and sensation does get
closer to reference values of non-operated breasts, it does not
completely achieve baseline values (16,42,43). Additionally,
there is no consensus regarding the follow-up of patients
to evaluate sensation; therefore, times of sensory evaluation
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between studies have been inconsistent and may affect the
accuracy of some data. On this matter, two studies have
shown that the magnitude of sensory recovery positively
correlates with the length of follow-up in both the flap and
native skin, in innervated and non-innervated breasts (16,43).

On the other hand, the end-to-side neurotization
approach is sometimes preferred during innervated
autologous breast reconstruction. An end-to-side technique
for neurorrhaphy has had promising results on sensitive and
motor reinnervation in different fields of surgery as it allows
using a recipient nerve without denervation of its target
structures (35,44,45,50,59,60). Donatto et 4l. (35) and three
studies by Puonti ez a/. utilized this technique for the lateral
side of flaps that needed dual innervations (44,45,50).

An end-to-side neurotization may offer a safer and more
effective profile for sensation recovery as it enables the
surgeon to utilize a recipient nerve without jeopardizing its
native function. Doncatto et 4/. used this technique during
TRAM flap breast reconstruction and innervation obtaining
optimal results in terms of sensation recovery of the flap (35).
Of the innervated reconstructions, 46.15% were performed
with a single neurorrhaphy while the other 53.85% were
performed with double neurorrhaphy (35). Ninety-two
percent of the innervated TRAM flaps had superficial
sensation, while only 7.6% of non-innervated TRAM flaps
achieved superficial sensation (P<0.001).

Puonti et al. also demonstrated that using an end-to-
side neurorrhaphy for direct nerve coaptation did not
affect the sensory function of any available recipient nerve,
and yielded adequate sensation to the TRAM flap and the
reconstructed breast.(50) Interestingly, the authors did
not find any difference regarding sensibility of the nipple
between the neuro-TRAM group and standard-TRAM
group (P=0.200) (50). Furthermore, sensory testing did not
show major differences between the type of anastomosis,
different nerve repair techniques, and recipient nerves (50).

Direct coaptation with conduit

In some cases, nerve conduits and grafts can be better
alternatives to direct coaptation. A nerve gap of a maximum
of three centimeters can be solved with the use of a nerve
conduit. The conduit helps to align regenerating axons
in a natural environment with abundant neurotrophic
factors (61). It also supports the coaptation in cases of size
mismatch between the donor and recipient nerves, which
minimizes scar formation inherent to anastomoses of nerves
and acts as a physical guide for axonal regrowth (18). It
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is important to highlight that the use of nerve conduits is
associated with increased healthcare-related costs.

Puonti et al. assessed the postoperative sensory outcomes
of neuro muscle-sparing TRAM (ms-TRAM) flap breast
reconstructions using single or dual neurorrhaphy wrapped
with a NeuraGen tube compared with non-innervated
breast reconstruction (44,45). The authors determined
that not only sensory recovery was better in the innervated
breasts, but also that a dual innervation resulted in even
greater overall sensory outcomes compared to single
innervation (44,45). Dually innervated breasts showed
around 60% sensation of that of unoperated breasts, while
single-innervated reconstructions had an average of 45%.
Thus, the authors recommended using nerve conduits and
dual neurorrhaphy when available, as both improve sensory
recovery after breast reconstruction and the latter also
widen the total skin area for sensory recovery (44,45).

Spiegel et al. performed neurotization on 33 DIEP flaps
using 40-mm polyglycolic acid nerve conduits (NeuroTube;
Synovis, St. Paul, MN) (18). The authors compared the
sensory outcomes of DIEP flap reconstructions using direct
coaptation with or without a nerve conduit and found that
breasts that underwent neurotization with conduits had
lower thresholds for pressure sensation and greater sensory
recovery than those that underwent direct coaptation only
at an average of 111 weeks postoperative (P<0.01) (18).
Furthermore, postoperative sensibility in DIEP flaps
neurotized by direct coaptation was significantly worse
(higher threshold) than that in the corresponding areas of
DIEP flaps neurotized using the nerve conduit (P<0.01) (18).

Regarding the length of peripheral nerves for coaptation,
Spiegel et al. mentioned that both the donor and recipient
nerves were harvested at the longest length possible without
further specifications (18). Furthermore the authors made
remarks on how the suitable nerves for coaptation were
usually located in the inferior half of the flap, and also, on
how the sensory components of the intercostal nerves follow
the same course as the perforating vessels to innervate the
abdominal skin after piercing the rectus abdominus (62,63).

Nerve allograft

Nerve gaps of more than three centimeters may best
be dealt with nerve grafts. To prevent excessive donor
site morbidity secondary to extensive dissections when
attempting to harvest a flap with a greater donor nerve
length, nerve grafts are utilized to provide the needed
length for coaptation of the donor and recipient nerves with
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the least amount of tension possible (13). Furthermore,
in instances of implant-based reconstruction after total
mastectomy, this is the only mechanism to bridge the
gap. Nerve grafts can also be used during nipple-sparing
mastectomies when nerves cannot be preserved for
oncological safety. They minimize the need for extensive
dissections and offer promising results regarding to
improved sensory recovery post-operatively. They are used
as connectors between the donor’s fourth intercostal nerve
and the nipple-areola complex in most instances. The
primary downside of this approach is the significant cost of
cadaveric nerve grafts, which represent around 5x the direct
consumable cost of a standard autologous reconstruction.

Most studies using this technique have demonstrated
better sensation thresholds in graft-based innervated
breasts in most of the areas tested (36,48). Peled and
Peled performed neurotization and implant-based breast
reconstructions following nipple-sparing mastectomies
on 31 breasts (36). They performed the coaptation of the
transected fourth or fifth lateral intercostal nerves with the
subareolar nerves using six- to seven-centimeter Avance
nerve allografts (Axogen, Jacksonville, Fla.) to obtain a
tensionless repair (36). The authors described that all
patients reported intact gross and light sensation over the
majority of the reconstructed neurotized breasts (36).

Similarly, Djohan et al. performed sensate implant-
based reconstructions on 15 patients with the use of seven-
centimeter-nerve allografts linking the fourth intercostal
nerve with the nipple-areola complex (48). Innervated
breasts had better thresholds in the majority of areas
compared to non-innervated breasts in two patients who
underwent bilateral implant-based reconstructions with
only a unilateral neurotization (48). They also mentioned
that for the patients who were available for another test at a
second time-point, both the nerve graft-based reconstructed
and the non-innervated breasts had sensory recovery.
However, the breasts with the nerve grafts had better
sensation improvement (48).

A very recent and unique study by Djohan et 4l. reported
on sensory outcomes of neurotization during autologous
breast reconstruction using both nerve allograft (Avance
Nerve Graft; AxoGen, Inc., Alachua, FL, USA) and conduits
(AxoGard Nerve Protector; AxoGen) simultaneously (20).
The authors found that the pattern of sensory recovery
in the non-neurotized group was irregular. Also, they
reported that patients who underwent neurotization had
lower dynamic test thresholds when examined for sensory
function 12 months after surgery compared to those in the
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non-neurotized group (20).

Quality-of-life

Many have attempted to evaluate quality-of-life of patients
after undergoing breast reconstruction with or without
nerve repair besides the objective testing of sensory
outcomes. There is still no consensus among studies
regarding which validated standardized tool can best assess
the influence of innervated breast reconstruction on quality-
of-life. Nonetheless, the BREAST-Q has been found
suitable to measure patient-reported outcomes after breast
reconstruction in most clinical scenarios. For future reports,
specific analysis of the data pertaining to the BREAST-Q
Sensation Module is required (64,65).

Some studies have used quantitative questionnaires such
as score-based surveys or rating scales. Temple ez 4/. utilized
three validated questionnaires evaluating quality-of-life
mainly concerning breast cancer (12). Cornelissen er al.
used the BREAST-Q questionnaire and added five other
Likert-Scale questions referring to breast skin sensation (41).
Magarakis et a/. also utilized a five-point Likert-Scale
questionnaire regarding the perception of breast sensation (47).
Three studies by Puonti er /. (44,45,50) used 10-point
scales; two had questions that pertained to breast sensation,
while the latter addressed patient satisfaction. Overall, the
majority of the questions inquired about pain, numbness,
abnormal sensation, hypersensitivity, breast skin feeling
natural, cosmetic outcomes, and patient satisfaction. Other
studies have simply used subjective open-ended questions
about the patients’ experience and overall sensation
satisfaction after breast reconstruction (36,37,51,54).

Most of these studies reported the quality-of-life
assessments to be better in patients who have undergone
sensate breast reconstructions (12,36,37,41,54). On another
hand, Puonti et 4/. found that patient satisfaction was good
in both the innervated and non-innervated groups (44,50).
In a third study by Puonti et 4/., the authors highlighted
that slightly greater patient satisfaction was evident after
dual innervation breast reconstruction compared to single
innervation breast reconstruction (45).

Surgical time

Neurotization has been shown to have a relatively short
additional operative duration. Several studies have reported
the dedicated time that was required for neurotization,
which ranged from 8 to 38 minutes for a single or dual
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neurorrhaphy. Spiegel er al. reported the neural component
to last between 8 and 15 minutes (18). Djohan et 4/. had it for
10 minutes (48). In two studies by Beugels et a/. (16,42) and
another one by Cornelissen ez 4l. (41) the neural component
took 15 minutes. Isenberg et 2/. mentioned a duration of
35 minutes (38), while reporting in another study a range
between 22 and 38 minutes (37). A consistent factor not
included in the previous reports is the additional time spent
dissecting and preparing donor and recipient nerves. As such,
the reported times are significant underestimates of actual
additive operative time, taken on the whole.

Surgical complications

As with any surgical procedure, neurotization in breast
reconstruction can be associated with some complications.
One challenge is the anatomical variation of nerves and
vessels between the chest and the flap. In two studies by
Puonti et 4l., a single nerve pedicle was chosen to be used
due to the spatial anatomy of nerves in the chest (44,45).
Spiegel et al. and Cornelissen ez a/. also had technical
difficulties due to anatomical and spatial relationships
between vessels and nerves (18,41). Other challenges can
be the damage and irretrievability of the recipient nerve
as mentioned by Blondeel (58), and issues identifying the
nerve at the time of mastectomy (48). Sometimes surgeons
can face multiple challenges at once, including unfavorable
flap orientation along with excessive scarring/post-radiation
effect, and insufficient donor/recipient nerve and vessel
lengths. Bijkerk et 2/. mentioned all these complications
as potential causes of unsuccessful neurotization (43). A
primary takeaway from these reports is that neurotization
should not take precedence over successful reconstruction
or minimizing possible complications.

Recent studies evaluating the postoperative outcomes
of neurotization using the American College of Surgeons
(ACS) National Surgical Quality Improvement Program
(NSQIP) data, demonstrated that innervated breast
reconstruction does not increase the 30-day complication
rates or 30-day readmission rates. Furthermore,
neurotization was not associated with prolonged length
of stay (66,67). No studies have reported the incidence of
neuromas or any other complications directly associated
with neurotization. Therefore, the literature has shown
that innervated breast reconstruction has a outstanding
safety profile, is a fairly straightforward procedure for
a microsurgeon, and does not add significant donor or
recipient site morbidity (17,63,66).

© Annals of Translational Medicine. All rights reserved.

Page 9 of 13

Limitations

Neurotization during breast reconstruction appears to have
a satisfactory success rate. Most studies that implemented
neurotization in breast reconstruction mentioned that
the rate of neurotization was highly successful, ranging
between 85% and 100% (16,18,41-45,48,52). However,
there are significant limitations to the reported studies.
Studies presenting outcomes of breast neurotization
with randomized trials are lacking and most reports are
comparative or single-cohort retrospective studies (68).
Most studies have a limited sample size, and cohorts are not
comparable for certain baseline parameters.

There is limited evidence (biopsy) that indicates grafts
are not affected by ischemia and that blocked axonal
regeneration does not occur, especially when acellular
dermal matrix products are used (69). Due to the inherent
variability in surgical technique between surgical oncologists
and plastic surgeons, and inconsistency in follow-up, it is
unclear if the sensation recorded at the first clinic visit was
in part due to preserved sensation (69). Selective reporting
of outcomes and the economic support from companies
providing funds may affect the results presented in several
studies. The additional cost of nerve allografts and conduits
may restrict the systematic incorporation of nerve allografts
and limit the external validity of the outcomes presented
in series using this technique. As different tools were used
to assess quality-of-life between the available studies and
several of these tools are not validated, comparison of
patient-reported outcomes between surgical techniques and
approaches may be limited.

Conclusions

Sensation recovery following mastectomy and breast
reconstruction is essential as it has a protective role against
injuries and helps in detecting tissue damage through pain
and temperature sensation (20). Some cases of thermal
injuries to insensitive autologous reconstructed breasts
have previously been described (70,71). Its absence can also
have debilitating effects on patients’ quality-of-life (41).
One of the greatest determinants of women’s post-surgical
satisfaction is whether their new breasts feel like their
own (72). However, achieving this goal is challenging if
no sensation is restored despite the aesthetically appealing
or pleasing results (41). This is backed up by the several
studies included in this review that demonstrated better
quality-of-life after innervated versus non-innervated breast
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reconstructions (12,36,37,41,54).

Spontaneous sensory recovery can be observed after
autologous or implant-based breast reconstruction;
however, its pattern and timing are typically unpredictable
and limited (54,58). In this regard, it is important to take
into consideration the timing of sensory evaluation after
neurotization and autologous breast reconstruction, as
it may be an important factor generating heterogeneity
of outcomes among published articles (15). Although
this review demonstrated improved outcomes following
neurotization compared to non-neurotized breast
reconstruction amongst studies, its implementation as
the standard of care in breast reconstruction remains
inconclusive as many studies had a level of evidence of III
and IV.

Due to the limited number of publications discussing
the challenges and complications that surgeons face during
neurotization (18,41,43-45,48,54), in addition to a relatively
limited number of studies available, there is an urgency for
additional prospective comparative studies to be conducted
investigating challenges and solutions to neurotization.
Despite methods of sensory outcomes testing (including
modality, areas tested, and calculations), follow-up times,
and quality-of-life assessments being greatly variable in the
literature, some impressions can still be outlined.

First, sensory recovery starts earlier and with greater
amplitude in neurotized breast reconstructions compared
to those without nerve repair. Second, in non-innervated
breasts, sensory recovery starts at the periphery and is
poorest centrally, while in innervated breasts, the return of
sensation begins in the center and expands throughout the
whole flap. Interestingly, although neurotized breasts reach
greater levels of sensory recovery than non-neurotized
ones, sensation gets closer to reference values of non-
operated breasts but does not completely achieve baseline
reference values. Also, the use of nerve conduits potentially
improves sensory restoration further by providing an
optimal and natural environment for axonal regeneration,
while dual neurorrhaphy not only improves the degree
of sensory recovery but also the total breast skin areas
covered. Ultimately, quality-of-life seems to be better in
patients undergoing breast reconstruction with nerve repair
compared to those without.

These presumptions, despite being far from definitive
conclusions, offer promising outcomes of neurotization.
Not only do they guide future studies to confirm the
importance of standardizing nerve repair at the time of
breast reconstruction, but also highlight the discussion of
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future directives concerning on how to improve surgical
techniques, standardizing methods of sensory testing,
follow-up, and assessments of patients’ quality-of-life and
satisfaction.

Lastly, a recent study by Djohan ez 4/. has featured
some factors such as high body mass index, diabetes,
radiation, and hormonal therapy that could affect outcomes
of neurotization by negatively interfering with nerve
regeneration (20). Other future studies need to identify
such factors as their preoperative identification helps
in managing surgical outcome expectations of both the
surgeon and the patient.
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