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A beautiful, naturally-shaped and symmetrical breast mound will be created for the breast 
cancer patient after mastectomy using a free abdominal flap. Free-flap breast reconstruc-
tion can be performed immediately in conjunction with the breast cancer surgery or later 
after adjuvant cancer treatment. The disadvantage with the breast reconstructed with this 
method is its lack of sensation. All nerves and blood vessels in the abdominal tissue graft 
need to be cut off when the flap is harvested and, traditionally, only vascular anastomosis 
is performed between the chest area and the flap, leaving subsequent reinnervation of the 
reconstructed breast to take place spontaneously from the surrounding tissues. 
 
The objective of the present study was to find and develop a method of dissecting and 
reconnecting nerves of the abdominal flap and the chest area in order to reconstruct a 
breast with sensation for the breast cancer patient. The first aim was to find out which 
nerves in the chest and the flap, when coapted, would provide the best sensation to the 
reconstructed breast. The second aim was to investigate whether the dissecting of the 
nerves causes additional complications in the abdominal flap donor site. The third aim 
was to develop a better neurorrhaphy technique, using two nerve pedicles, in order to fa-
cilitate better sensory recovery in the reconstructed breast. The fourth aim was to assess 
and qualify the methods of sensory assessment employed in the study. 
 
96 breast cancer patients participated in the study in Savonlinna Central Hospital 
between 2001 and 2013. All of them underwent breast reconstruction with a free 
muscle-sparing transverse rectus abdominis myocutaneous flap (ms-TRAM flap). Re-
innervation of the reconstructed breast was performed in 44 patients with the novel 
dual neurorrhaphy technique using two nerve pedicles and in 32 patients with single 
neurorrhaphy using one nerve pedicle. At the early stages of the study, 20 patients 
underwent breast reconstruction without neurorrhaphy, and these patients functioned 
as a control group. The contralateral healthy breasts of 38 breast reconstruction pa-
tients were used as the reference site for sensory tests and neurophysiological inves-
tigations. In addition, 20 healthy volunteer women participated in sensory testing of 
healthy abdominal skin. 
 
Skin sensation of the reconstructed breast was assessed two years after the surgery. In 
addition, between 2006 and 2013, sensory testing of the skin of the mastectomized breast 
was performed prospectively before the reconstruction surgery, and the healthy breast, 
abdominal skin and the reconstructed breast skin were also tested one year after the 
surgery. The battery of sensory tests included clinical sensory examinations, quantita-
tive sensory tests (QST), skin samples, and neurophysiological somatosensory evoked 
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potentials (SEP). Additionally, a patient questionnaire of patients’ subjective sensory 
changes was carried out. 
 
Innervation with dual neurorrhaphy resulted in better sensory recovery in the reconstructed 
breast than innervation with single neurorrhaphy. Both neurorrhaphy techniques provided 
the reconstructed breast with better skin sensation than reconstruction without neurorrha-
phy in the control group. All available tactile nerves in the chest area proved to be capable of 
restoring sensation to the ms-TRAM flap breast. No significant complications occurred in 
the abdominal wall in the flap donor site with either of the neurorrhaphy techniques. All pa-
tients were left with poorer sensation in a small skin area below the umbilicus. Nerve coap-
tations did not cause pain symptoms in the chest area, and the increase in the operative time 
was insignificant – on average only 15-30 minutes – with both neurorrhaphy techniques. 
 
The function of large myelinated sensory fibres (i.e. vibration and tactile detection) re-
covered best. The poorest recovery took place in small unmyelinated sensory fibres (i.e. 
thermal detection and sharp-blunt discrimination). As a result of breast cancer treatment, 
tactile and thermal sensitivity of the mastectomized skin was reduced already before 
breast reconstruction surgery. In the delayed breast reconstruction group with dual neu-
rorrhaphy, which had the best overall sensation, vibration detection in the reconstruct-
ed breast was within normal level threshold, the tactile detection threshold was about 
three times higher than that in the mastectomized skin, and the warm and cold detection 
threshold was almost three times higher than that in the healthy breast skin. 
 
All methods of sensory assessment employed in the study could detect the nerve damage 
caused by the surgery and measure nerve regeneration, with the exception of epithelial 
nerve fibre density (ENFD) testing, which could not identify nerve regeneration in the 
comparison of innervated and non-innervated breast reconstructions. While objective 
somatosensory evoked potentials proved to be an insensitive method in diagnosing nerve 
damage, they might be suitable for follow-up of its recovery. Quantitative sensory test-
ing (QST) and the clinical sharp-blunt discrimination test were the most sensitive tests 
both for the identification of sensory damage and nerve regeneration. 
 
Innervation of the free ms-TRAM flap, especially by using the dual neurorrhaphy tech-
nique, resulted in better sensibility of the reconstructed breast than reconstruction with 
a non-innervated flap. Innervation did not essentially prolong the operative time. Based 
on this study, we recommend dual neurorrhaphy of the ms-TRAM flap in breast recon-
struction for use in clinical practice.



4



INTRO-
DUCTION





25

Globally, breast cancer is the most common form of cancer in women. There are current-
ly 64,528 breast cancer patients in Finland (31.12.2014, the Nordcan, 2015). The number 
of patients increased by 4,564 during 2014 (The Nordcan, 2015). Thanks to advances 
in diagnostics and treatment options, the outcomes of treatment have constantly been 
improving. The outcomes of treatment for breast cancer in Finland are the second best in 
the world after the Netherlands (Bell J.J. et al., 2015). The five-year survival rate in 2014 
was 91% (Finnish Cancer Registry, 2015).

Regardless of the advances in early diagnostics and breast-sparing surgery, 34% of the 
patients lose their breast through mastectomy that is performed to treat breast cancer 
(Siponen E.T. et al., 2013). Thus there is, and will continue to be, a need for skills in 
breast reconstruction. 
Besides the shape, right size and good symmetry of the reconstructed breast, patients 
increasingly appreciate the possibility of having sensation in the breast. The tactile sense 
of the skin is important for our social lives (Ramachandran V.S. et al., 2008; Yurek D. et 
al., 2000; Johnsson S., 2008). Sensations of heat and pain on the skin function are neces-
sary for protective reflexes that prevent scalds and burns (Nahabedian M.Y. et al., 1998).

While an increasing number of studies are being published on the recovery of peripheral 
nerves after nerve injuries (Liu G. et al., 2015), the sensation of a reconstructed breast 
after reinnervation has been little studied (Shridharani S.M. et al., 2010). Shridharani 
listed 20 publications as from the year 1979 on studies of the sensation of reconstructed 
breasts, covering a total of 638 breast cancer patients. He pointed out that extensive 
studies involving large numbers of patients have not been carried out and consequently 
called for clinical studies in this field.

The objectives of the study were to find the optimal nerves in the TRAM flap and the 
thoracic area for nerve coaptation, and to develop a surgical technique for restoring as 
good skin sensation as possible in a reconstructed breast.
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5.1 BREAST RECONSTRUCTION 
SURGERY

5.1.1 Indications

The removal of a breast as a treatment for breast cancer is virtually always perceived as 
a loss of femininity. While the breasts as an erogenous zone play a significant role in our 
sexuality, their even more important function is milk production and the breastfeeding 
of a newborn infant. Especially young and working-age women suffer from the loss of a 
breast (Pinto A.C., 2013; Shridharani S.M. et al., 2010). The asymmetry of the body as 
well as the often unsightly scars can cause daily problems to the patients (Meretoja T.J. 
et al., 2014). The physiological imbalance of the upper body, resulting from the removal 
of one of the breasts, can cause pain in the neck and shoulder area, especially in patients 
with large breasts. Tightness in the scars and pain in the mastectomy area are also conse-
quences of radical surgery (Tashmut T. et al., 1996; Meretoja T.J. et al., 2014).

With along advances in breast cancer surgery and oncology, the prevalence of the disease 
and improved recovery rates have resulted in post-mastectomy breast reconstruction be-
ing today considered as an integral part of standard treatment for breast cancer (Losken 
A.A. et al., 2002; Howard-McNatt M.M, 2013; Rosson G.D. et al., 2010). Pioneered 
by Professor Sirpa Asko-Seljavaara, Finnish public hospitals began to perform breast 
cancer surgery in their plastic surgery units as from the late 1990s, which made breast 
reconstruction after mastectomy available to all breast cancer patients if they chose to 
have it (Asko-Seljavaara S., 1998).

5.1.2 Evolution of breast reconstruction surgery

Breast reconstruction with silicone implants was introduced for cancer patients in the 
1960s. Product development was initiated in 1964, when Dr Thomas Cronin in Texas 
paid attention to the fact that the shape of the intravenous infusion bag resembled the 
human breast (Cronin T.D. et al, 1963). Silicone implants were preceded by sponge 
implants and injections of various foreign substances, but these did not turn out to be 
successful. Chedomir Radovan introduced the technique of tissue expansion in 1982 
(Radovan C., 1982; Goodman T. et al., 1987). Silicone implants are now back in fashion, 
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and in conjunction with them acellular dermal matrix (Kim Y.J.S. et al., 2015) is often 
used to provide support for the lower part of the breast. Acellular dermal matrix has been 
available since 1994. It is produced from, for example, porcine skin, from which all 
animal cells are removed and the connective tissue of the dermis is then used as a graft 
(Lanier S.T., 2010).

The safety of silicone implants has constantly been debated. A large number of stud-
ies carried out since the 1990s indicate that silicone implants do not increase the 
risk of subsequent breast cancer (Balk E.M. et al., 2015). It was not until 2006 that 
the Food and Drug Administration (FDA) of the United States recognised silicone 
breast implants as safe. In 2011, the FDA identified a possible association between 
breast implants and the development of anaplastic large cell lymphoma (ALCL), a 
rare type of non-Hodgkin’s lymphoma. At that time about 60 cases of ALCL with 
breast implants, out of 5–10 million women who had received breast implants, were 
diagnosed. The disease most often presents itself as an effusion-associated fibrous 
capsule around the implant. In long term follow-up of 60 patients, most patients 
achieved complete remission after treatment (Aladily T.N. et al., 2012; Miranda 
R.N. et al., 2014).

Breast reconstruction was being carried out at the same time as cancer surgery as early 
as the 1970s. Schneider et al. reported the first immediate breast reconstruction with a 
tissue flap from the back (latissimus dorsi, LD flap) in 1977. The LD flap method is still 
routinely used in breast reconstruction. With careful selection of patients, it provides 
a good aesthetic outcome. An implant can be used under the LD flap to increase the 
volume of the breast if necessary. In skin-sparing mastectomy (SSM), the patient’s skin 
can be preserved for immediate breast reconstruction. Usually only the nipple-areola 
complex is removed and the tissue flap, apart from the nipple-areola complex, is cov-
ered using the patient’s own breast skin (Slavin S.A. et al, 1998). It has been shown 
that SSM does not increase the local recurrence of cancer (Meretoja T.J. et al, 2007). In 
prophylactic mastectomy performed on carriers of the breast cancer gene, the skin of the 
nipple-areola complex can also be safely preserved, and the new breast is reconstructed 
entirely under the patient’s own skin. The safety of such nipple-sparing mastectomy 
combined with immediate breast reconstruction has been widely studied (Mori H., 2011; 
Benediktsson K.P., 2008).

The first microvascular free tissue transfer for post-mastectomy breast reconstruction in 
a breast cancer patient was performed in 1975. Fujino reconstructed a breast from the 
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patient’s gluteal muscle (gluteal microvascular flap) (Fujino T. et al., 1975). The use of 
gracilis muscle as a free flap was initially described by Harii in 1976 (Harii K. et al., 
1976, Yousif N.J. et al., 1992).

Hartrampf et al. (1982) presented breast reconstruction with a transverse rectus abdom-
inis myocutaneous (TRAM) flap, initially designed as a pedicled flap. Breast reconstruc-
tion with a microvascular free TRAM flap was introduced in the 1980s (Holmström H., 
1979). Grotting popularized the free TRAM flap in 1980 and was also the first to use 
the superficial inferior epigastric artery (SIEA) flap. The SIEA flap is named after the 
blood vessel that runs just under the skin in the lower abdomen (Arnez Z.M. et al., 1999). 
Perforator flaps evolved in the 1990s; Allen and Treece (1994) were the first to report 
this technique with the deep epigastric inferior perforators (DIEP flap) for breast recon-
struction. In the perforator flap technique, the vascular pedicle (perforator) that traverses 
through the muscle and supplies blood to the flap area is detached from the muscle, and 
the breast is reconstructed from the flap comprising merely skin and subcutaneous fat. 
The most commonly used perforator flaps for breast reconstruction are still the deep 
inferior epigastric perforator (DIEP) flap (Koshima I. and Soeda S., 1989) and the super-
ficial inferior epigastric artery (SIEA) flap. 

Other types of perforator flaps have also been developed. For example, a flap with perfo-
rators of the superior or inferior gluteal artery and vein can be dissected from the buttock 
area (SGAP or IGAP flap). An LD flap can be harvested without any muscle as a thoraco-
dorsal artery perforator (TAP) flap. A perforator flap based on the circumflex artery and 
vain can be harvested from the outer thigh (lateral thigh perforator or LTP flap), and a 
gracilis perforator flap can be dissected from the inner thigh (Lykoudis E.G. et al., 2005). 
Louis de Weerd (2003) described the lumbar artery perforator flap (LAP), and Allen et 
al. the profunda artery perforator flap (PAP) in 2012.

The omental flap, which is harvested from the omentum covering the intestines in the 
abdominal cavity, was used for breast reconstruction as early as 1963 (Kiricuta I., 1963, 
Abbott W.C. et al. 1986). It was originally used as a pedicled flap to cover severely 
inflamed thoracic ulcers but it is also suitable for use in microvascular free tissue trans-
fer (Gothier-Savey I. et al., 2001). In 2001, Gothier-Savey described the laparoscopic 
technique for dissecting the omental flap and for using it under the patient’s own skin in 
immediate breast reconstruction. 

The muscle-sparing transverse rectus abdominis myocutaneous flap (ms-TRAM flap) 
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is a surgical technique that has elements of the conventional free TRAM flap and the 
deep inferior epigastric perforator (DIEP) flap. Since the ms-TRAM flap is harvested 
with several perforators, the small portion of the rectus abdominis muscle through 
which the perforators pass is harvested with the flap. The DIEP flap relies mostly on 
only one perforator for its blood supply. Nelson’s study (2010) with a large number 
of patients (123 ms-TRAM patients / 84 DIEP patients) proved both surgical methods 
to be safe. While postoperative complications were more frequent in the DIEP group, 
there were not any differences between the groups regarding the recovery of the donor 
site. In conclusion Nelson states: “This study demonstrates that both of these flaps may 
be reliably performed with an extremely low risk of complications. The choice of flap 
should be made intraoperatively, based on anatomic findings on a patient-by-patient 
basis, so as to optimize flap survivability while minimizing donor-site morbidity to the 
greatest extent possible.”

Computer tomographic angiography with three-dimensional imaging has since been de-
veloped for preoperative mapping of the inferior epigastric vascular pedicle and its per-
forators in order to facilitate the planning of DIEP flap (Lam D.L. et al., 2012) as well as 
ms-TRAM flap breast reconstruction. 

Breast reconstruction with fat transfer appeared to be a promising method when first ini-
tiated in the 21st century (Khouri R. et al, 2009). However, it requires repeated surgeries, 
and in most cases it is insufficient alone for reconstructing the entire breast after mastec-
tomy. Fat transfer works well to complement breast reconstruction performed with other 
methods and can also be used to give the final shape to the reconstructed breast. Stem 
cell studies and studies of the dynamic interplay between cancer cells and resident adi-
pose cells are still controversial (Bertolini F. et al., 2012; Bielli A. et al., 2014) regarding 
the safety of lipografting.

5.1.3 Problems in breast reconstruction surgery

Successful breast reconstruction depends on careful patient-specific planning and choos-
ing of the right method (Djohan R. et al., 2008; Carlson G.W. et al., 1994; Avraham T. 
et al., 2008).

Breast reconstruction with an implant is a relatively simple procedure and also a rela-
tively easy process for the patient (Spear S.L. et al., 2007). However, the use of breast 
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implants is limited by the fact that they cannot be shaped and moulded. Infections in the 
tissue around the implant often require the implant to be removed. Acellular dermal ma-
trix, which is today used with implants to improve and preserve the shape of the breast 
especially that of the inframammary fold, increases the risk of infection to some extent. 
A systematic review (Brett T. et al., 2014) of studies involving more than 5, 000 patients 
showed that the overall rate of infection in implants was on average 7.41%. When acel-
lular dermal matrix was used, infections occurred in 11.59% of the cases, as opposed 
to 4.74% of the cases without acellular dermal matrix. The infection rate in immediate 
breast reconstruction with implants was lower than in delayed breast reconstruction. 

Implants can lead to a xenogeneic rejection response, which causes the surrounding tis-
sue to form a capsule of scar tissue around the implant (Hirsch E. M. et al., 2012). Such 
capsule formation occurs less with textured implants than with smooth implants (Liu X. 
et al., 2015). In a meta-analysis, the occurrence of capsular contracture varied between 
4–15% (Barnsley P.G. et al., 2006). In a Finnish study conducted with patients who 
had an implant under the LD flap, capsular contracture occurred in every third patient 
(Peltoniemi H. et al., 1993). Exposure of the breast implant to radiotherapy can result in 
a poorer aesthetic outcome and increased capsular contracture around the implant (von 
Smitten K. et al., 1992). Reconstruction with autologous tissue is recommended for an 
irradiated breast because radiotherapy increases the risk of complications, including re-
construction failure (Lee K.T. et al., 2015).

A recent comparison between two-stage tissue-expander/implant breast reconstruc-
tion and autologous breast reconstruction (DIEP) indicates that DIEP reconstruction 
is on average a more cost-effective option because expander/implant reconstructions 
involve more complications, implant losses and poor aesthetic outcomes that need to 
be improved with further surgical procedures (Lagares-Borrego A. et al., 2016; Yalanis 
G.C. et al., 2015).

Breast reconstruction with the patient’s own tissue is a good option if the patient has 
suitable tissue to be harvested and if the patient is otherwise a suitable candidate 
for the surgery. Autologous tissue transfer may be followed by common early com-
plications such as postoperative bleeding, seroma formation, infection or problems 
with blood supply to the graft, but once these have been cured, breast reconstruction 
with autologous tissue generally lasts for life and the reconstructed breast usually 
evolves with the changes in body weight. Problems with pedicled flaps may include 
the insufficient size of the flap, limitations regarding to how it can be shaped and 
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flap-edge necrosis (Meretoja T.J. et al., 2007, Tuominen H. 2008). Microvascular 
tissue transfer is the best technique for reconstructing a breast in the desired size and 
shape. However, the surgical procedure might cause complications with the vascular 
anastomosis (artery/vein) that result in a loss of the flap in 1–5% of cases. An exten-
sive retrospective study on 6, 855 patients (Massenburg B.B. et al., 2015) revealed 
that when comparing LD flap, pedicled TRAM flap and microvascular free flap, flap 
wound complications were most common in the pedicled TRAM flap (8.1%). The 
occurrence of flap failure was also most frequent in pedicled TRAM flap proce-
dures (2.7%), in comparison with 2.4% in free flap procedures and 1.1% in LD flap 
procedures. In general, the risk of flap failure was increased in patients who were 
overweight, suffered from hypertension or had had recent surgery, as well as by pro-
longed duration of the surgery.  

Approximately 20% of North American breast cancer patients choose breast reconstruc-
tion with autologous tissue transfer (Macadam S.A. et al., 2016). In an analysis covering 
1,790 patients (Nahabedian M.Y. et al., 2002) the occurrence of partial flap failure, fat 
necrosis and abdominal wall hernia was higher with the pedicled TRAM flap than with 
abdominal free flaps. Abdominal recovery was in general better with free flaps than 
with the pedicled TRAM flap. There were not any significant differences in this regard 
between the DIEP flap and the muscle-sparing free TRAM flap. Abdominal contour will 
be preserved in free ms-TRAM as well as in DIEP flap. 

There is often tightness in the mastectomy scar. In most cases, this can be reduced by 
careful planning of breast reconstruction. The issue of scar formation or its prevention 
has not yet been solved; however, pressure therapy and plateless rich plasma (PRP) in-
jections can reduce scar tightness. (Zhu J-T. et al., 2013)

5.1.4 Sensory changes in reconstructed breast

Loss of breast sensation is associated with all above-mentioned breast reconstruction 
techniques. Restoration of sensation in the breast has not been systematically studied, 
and there is only scant data on the extent of sensory dysfunction or its recovery after 
breast reconstruction with many different techniques. Some degree of sensation is pre-
requisite for normal daily life. This is a challenge for the future. The primary focus of the 
present study has been on the development of techniques for reconstruction of a breast 
with sensation after mastectomy.
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5.1.4.1 Spontaneous sensory recovery 
in breast reconstruction surgery

5.1.4.1.1 Sensitivity of healthy breast, abdomen 
(donor side) and the chest skin after mastectomy

We normally take skin sensation for granted and do not think about it unless we expe-
rience a disturbance in it or loose it entirely in some part of our body. In slowly pro-
gressing peripheral neuropathy (caused by diabetes, for example) we adapt ourselves 
to increasingly impaired skin sensation and do not necessarily notice the problem until 
complications in the form of ulcers appear (Bril V. et al., 2011). Ageing clearly lowers 
the sensitivity of the skin (Guergova S. et al., 2011). Women have a lower pressure pain 
threshold than men (Pfau D.B. et al., 2014).

Tests carried out by Santanelli indicated a significant difference in the tactile sense (g/
mm2) of the abdominal skin and the skin of the contralateral healthy breast. The tactile 
threshold of the skin of a healthy breast was approximately three times higher (= lower 
sensitivity) than that of the abdominal skin (Santanelli F. et al. 2011). Santanelli meas-
ured tactile thresholds by means of a computer-assisted sensory device that produces 
continuous measurements (Dellon A.L. et al., 1992). 

Any surgical procedure on the breast can reduce its sensation (Dosset L.A. et al., 2016). 
While nipple sensation after breast reduction and breast augmentation has been studied 
relatively extensively, there are very few studies on the sensory alterations or their re-
covery of sensation in a reconstructed breast (Mofid M.M. et al., 2002).

According to Meretoja (2014), only 34% of 860 breast cancer patients reported to have 
no pain after the surgery. Half of the patients experienced mild pain, 12% had moderate 
pain and 4% had severe pain. Any previously experienced chronic pain or pain in the 
surgery site before the procedure predisposed breast cancer patients to postoperative 
chronic pain, as did depression. Neuroma formation at the proximal end of the damaged 
axon is partly responsible for the pain symptoms in conjunction with a sensory nerve 
injury (Tos P. et al. 2014, Craft J et al., 2015). 

Recovery of the tactile and pain sensitivity of the nipple has been recorded to take place in 
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42.5–86% of cases of nipple-sparing mastectomy (Headon H.L. et al., 2016, Yueh J.H. et 
al., 2009). However, sensation does not recover to the normal level. A Swedish study with 
240 patients indicated that after skin-sparing mastectomy the postoperative tactile thresh-
old of the patients’ own skin covering the breast prosthesis was on average eight times 
higher than the tactile threshold of a healthy control group (Benediktsson K.P. et al., 2008).

5.1.4.1.2 Sensitivity of the breast 
after dorsal flap reconstruction (LD)

Extensive sensory testing (with QST) performed on the back area of healthy test sub-
jects showed no systematic differences in body sensation. However, the lower back had 
higher sensitivity than the foot, and the sensitivity of the hand was higher than that of the 
upper back (Pfau D.B. et al., 2014). 

The sensation of a breast reconstructed with an LD flap is approximately 70% lower than 
the sensation of a healthy breast (Delay E. et al., 2000). Delay’s study comprised 50 LD-
flap breast reconstructions, 41 (82%) of which were, however, primary reconstructions 
where the flap was covered with the patient’s own preserved thoracic skin. The sensation 
of the reconstructed breasts was measured on average 27 months after the surgery. Sen-
sitivity to touch was measured clinically with von Frey’s filaments, and heat and cold 
sensations were tested with hot and cold glass test tube. 94% of the patients regarded 
the reconstructed breast as their own breast. The researchers assessed breast sensation as 
good in approximately half (56%) of the patients. In a study carried out by Peltoniemi et 
al. (1993) with 44 LD-flap breast reconstructions, a measurable sensory threshold could 
only be obtained in 64% of the patients (von Frey’s test).

Tomita K. et al. (2011) applied the LD-flap reconstruction technique in conjunction with 
both breast-conserving surgery and skin-sparing mastectomy. Sensitivity to pain, tem-
perature, touch and vibration was tested approximately 18 months after the surgery. Pain 
was measured with Algesiometer (g), hot and cold identification clinically with 50 0C 
and 00 C Thermometer, tactile detection with Semmes-Weinstein filaments, and vibra-
tion by Vibrometer (Medience, Japan). The sensation of the nipple recovered after the 
surgery in approximately half of the patients in the breast-conserving surgery group, 
whereas in the skin-sparing mastectomy group a little less than half of the patients dis-
tinguished between hot and cold sensations. The recovery of sensation in the nipple and 
the preserved skin was considerably weaker in patients who had large breasts, were older 
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and were overweight. Tomita’s study did not, however, include separate comparison of 
skin sensation between the LD flap alone and the preserved thoracic skin.

5.1.4.1.3 Sensitivity of the breast after traditional 
abdominal free flap reconstruction (TRAM, DIEP)

In a breast reconstructed with a free TRAM flap, spontaneous collateral reinnervation 
can occur. The tactile sensation of a breast reconstructed with the conventional free 
TRAM flap recovers to a detectable, though not normal, level within a couple of years 
in 44–76% of the patients (Lapatto O. et al., 1995; Liew S. et al., 1996). Place M.J. et 
al. (1997) claim in their study that two out of 34 patients regained normal skin sensation 
in their TRAM-flap reconstructed breast. Almost all patients could feel some kind of 
tactile sensations in their TRAM-flap reconstructed breast, and approximately two thirds 
of the patients were able to detect heat and cold (Shaw W.W. et al., 1997). According 
to the patients’ subjective reports obtained by questionnaires, sensation in a TRAM-
flap reconstructed breast was better than could be verified with sensory testing (Liew 
S. et al., 1996; Shaw W.W. et al., 1997). 94% of the patients were satisfied with their 
reconstructed breast after having undergone autologous breast reconstruction, compared 
with patient satisfaction of only 34% after mastectomy (Shaw W.W et al., 1997). On 
the whole, patient satisfaction with breasts reconstructed with autologous tissue is high, 
scoring between 9 and 10 points on a scale from 1–10 (Shaw W.W. et al., 1997). Based 
on high patient satisfaction with breasts reconstructed with free autologous tissue, many 
researchers have come to the conclusion that collateral reinnervation occurs through 
nerve sprouting from the mastectomy bed into the flap, which indicates that there may 
not be any need for restoration of sensation in a reconstructed breast by means of com-
plex nerve dissection and coaptation (Place M.J. et al., 1997; Santanelli et al., 2011). 

Santanelli et al. (2011) studied spontaneous collateral reinnervation of free DIEP flaps in 30 
breast cancer patients six and twelve months after primary breast reconstruction. They examined 
only cutaneous pressure threshold with computer-assisted pressure-specified sensory device (g/
mm2). The sensation of the DIEP flap had considerably improved during the period between six 
and twelve months after the surgery. However, the pressure detection threshold of a breast recon-
structed with the DIEP flap was throughout 2.5–3 times higher than that of a healthy breast, and 
the tactile threshold of the DIEP-flap reconstructed breast was approximately 10 times higher 
compared with the abdominal skin from where the DIEP flap had been harvested.
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5.1.4.1.4 Spontaneous sensory recovery 
in different flaps (comparison)

When comparing the recovery of sensation in the breast after LD flap reconstruction 
and after pedicled TRAM flap reconstruction, sensation in the breast reconstructed with 
the pedicled TRAM flap was clearly better than in the breast reconstructed with the LD 
flap, although assessed mostly subjectively through a patient questionnaire (Lehman C. et 
al., 1991). Clinical sensory examinations were also performed for touch with camel hair 
brush, pressure sense with the finger, pin-prick test with a needle, and thermal discrim-
ination with the thermometer of 40 0C. In results the sensory detection of different test 
was counted positive, if the patient could identify the sensation in some part of her breast.
A comparison of spontaneous sensory recovery between the different reconstructive 
techniques, according to Shaw, showed that the free gluteal flap had the best average 
sensitivity, followed by the free TRAM flap (Shaw W.W. et al., 1997). Tactile detection 
was measured with Semmes-Weinstein filaments, hot and cold discrimination with metal 
probes and vibration with turning forks with 30 and 256 Hz.

The conclusion of a systematic review was that sensation after breast reconstruction was 
considerably impaired after all procedure types. Spontaneous collateral reinnervation was 
suggested to occur to the greatest extent in DIEP flaps and muscle-sparing TRAM flaps. The 
second best recovery of sensation took place with conventional TRAM flaps, followed by 
pedicled TRAM flaps, LD flaps and implants in this order. (Shridharani S.M. et al., 2010) 

In majority of these studies (Shridharani S.M. et al., 2010) Semmes-Weinstein/von Frey mono-
filaments were used for tactile detection (N 17); in one of all also somatosensory evoked po-
tentials were used. Only clinical examinations for hot and cold recognition with metal probes, 
pin-prick tests and vibration discrimination with turning-forks were performed. None of these 
studies used objective sensory tests as thermal QST or morphometric ENFD analysis. 

5.1.4.2 Sensory recovery of the reconstructed breast 
after reinnervation (with nerve coaptation)

There are only a few publications about the nerve coaptation of abdominal based flaps. 
Table 1 shows the publications, their number of the patients with innervated reconstruct-
ed breasts, and the surgical methods of nerve coaptations.
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Slezak (1992) reported the first pedicled TRAM-flap breast reconstructions with senso-
ry nerve coaptation on three patients. The patients had bilateral breast reconstruction, 
with nerve coaptation only performed on one side. Slezak joined the intercostal nerve 
branches of the rectus abdominis muscle with the fourth thoracic intercostal nerve (Table 1).

Yano et al. (1998) also reported their first breast reconstruction with an innervated pedi-
cled TRAM flap. They reported good recovery of heat and cold discrimination (qualita-
tive clinical examination) in innervated flaps.

Blondeel described breast reconstruction with free innervated DIEP flaps in 1999. They 
also sutured the intercostal nerves of the flap to the fourth thoracic intercostal nerve. 

Table 1: Studies of innervated abdominal flaps, type of the flap and nerve coaptations, 
sensory tests used, and follow-up time (icn=intercostal nerve). 
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Blondeel informed that 30% of the patients had even regained erogenous sensation in the 
nipple. Blondeel compared the sensation of breasts reconstructed with innervated DIEP 
flaps with non-innervated DIEP breasts and breasts reconstructed with conventional free 
TRAM flaps in a relatively large number of patients (104), although the innervated DIEP 
flaps were only in 23 patients. Blondeel used tactile detection with Semmes-Weinstein 
filaments, clinical thermal and vibration discrimination, and additionally SEP-recordings. 
The innervated DIEP breast had better sensation in its central area than the non-innervated 
DIEP breast. When comparing the innervated DIEP flap technique with the conventional 
TRAM flap technique, all segments of the innervated DIEP breast had considerably better 
sensation. The only significant sensory difference between the innervated and non-inner-
vated DIEP breasts occurring in the central area could be explained by the fact that almost 
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all cases in non-innervated DIEP (10 out of 13) were primary reconstructions, and thus the 
sensory testing on the various segments of the breast – apart from the central area – was 
performed on the preserved thoracic skin rather than on the DIEP flap.

Yap (2005) and Temple (2006) reported good sensory recovery in breasts reconstructed with 
innervated free TRAM flaps. According to Temple, breasts reconstructed with innervated 
flaps showed significantly better temperature discrimination, although postoperative sensa-
tion in both non-innervated and innervated flaps was lower than preoperative sensation. In 
Yap’s study, color maps, or sensory topograms, illustrating fine-pressure sensation showed 
that in innervated reconstructions sensory recovery tended to start from the centre and pro-
ceed outward, whereas noninnervated reconstructions remained numb at the centre and any 
recovery appeared to commence at the periphery of the reconstruction. This confirms that 
axonal reinnervation actually takes place after nerve coaptation (Yap L.H. et al., 2005).

Mori et al. (2011) stated that reconstruction with the innervated pedicled TRAM flap follow-
ing conventional mastectomy resulted in better tactile and pain detection 12 months after the 
surgery when compared with the non-innervated flap, whereas no differences in heat and cold 
discrimination could be discovered. Regarding immediate reconstruction after nipple-sparing 
mastectomy, they did not find any difference between the innervated and non-innervated flap.

Yano et al. (2002) reported an innovative technique of using nerve coaptation in imme-
diate LD flap breast reconstructions on four patients. Nerve coaptation was performed 
between the branch of the seventh intercostal nerve within the LD flap and the fourth 
thoracic intercostal nerve. Tactile detection was carried out with Semmes-Weinstein fila-
ments, pain and thermal discrimination was assessed on average after 19 months and the 
results were compared with 10 LD flaps without nerve coaptation. Sensory recovery had 
taken place in all innervated LD flaps one year after the surgery, whereas in the control 
group (with non-innervated flaps) the recovery of sensation was incomplete and could 
only be detected in some of the patients. (Yano K. et al., 2002)
As a summary, all the used sensory tests in the studies described above for both innervated 
and non-innervated reconstructed breast skin have been performed with clinical qualita-
tive tests, tactile detection with Semmes-Weinsteins filaments and patient questionnaires. 
No one has used quantitative thermal detections or skin samples for ENFD and SENFD.

5.1.5 The surgical method of microneurovascular 
muscle-sparing TRAM flap breast reconstructions
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Holmström (1979) described the first free TRAM-flap reconstruction, following which 
the surgical technique evolved to the free muscle-sparing TRAM (ms-TRAM) flap tech-
nique (Chevray P.M., 2004; Pisano S.M., 2004). With the ms-TRAM flap technique, most 
of the abdominal rectus muscle and fascia are preserved and only a small strip of muscle 
between the selected vascular perforators is dissected with the transversal skin flap. The 
limited harvest of muscle and fascia leads to decreased abdominal donor site morbidity 
compared with the conventional free TRAM flap technique (Chevray P.M. et al., 2004).

The nerves dissected for nerve coaptation are selected with the vascular perforators of the 
flap (Yap L.H. et al., 2002; Tansatit T. et al., 2006; Table 1). In 30.7 % of the flaps, the main 
inferior epigastric vascular stem consists of a double Y-branch that enters the rectus muscle, 
providing almost equal-sized medial and lateral perforators in the flap. The sensory nerve 
branches follow the course of both medial and lateral perforators (Tansatit T. et al. 2006). 

In all studies, neurorrhaphy on the flap has been performed with end-to-end anastomo-
ses (Table 1). An end-to-side neurorrhaphy technique in peripheral nerve injury was 
described by Létiévant as early as 1873. The method was then forgotten until the ex-
perimental studies published by Viterbo et al. (1994) and Lundborg et al. (1994) were 
recognized as the “rediscoverers” of end-to-side neurorrhaphy (Papalia I. et al., 2007; 
Viterbo F. et al., 1994; Lundborg G. et al., 1994; Beris A. et al., 2007).

Nerve coaptation does not essentially lengthen the operation time because the nerve dis-
section is performed at the same time as the vascular pedicle dissection. Using a nerve 
conduit, the increase in operation time in Spiegel’s study was only 8-15 minutes (Spiegel 
A.J. et al., 2013; Donoghoe N. et al., 2007; Archibald S.J. et al., 1987).

5.2 ANATOMY AND PHYSIOLOGY 
OF THE SOMATOSENSORY SYSTEM 
OF THE SKIN

5.2.1 Embryological development of the breast

Embryologically, the mammary gland is a modified apocrine gland, the development of 
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which begins during the fourth week of gestation as an ectodermal thickening. The ecto-
derm and mesoderm begin to proliferate and specialize to form epidermal structures such 
as hair, nails and teeth, as well as sebaceous, eccrine, apocrine and mammary glands. Mam-
mary ridges (milk lines) are formed from the axillae to the medial thigh. A pair of mamma-
ry buds located at the fourth intercostal space on the mid-axillary thorax on the mammary 
ridge grow downward into the dermis and begin to branch. The rest of the mammary ridges 
normally disappear in humans. The mesoderm and the underlying adipose tissue around 
the mammary buds produce hormones and growth factors from lipids, and these interact 
with the mammary buds, causing them to proliferate and grow downward. The placental 
hormones, consisting of progesterone, growth hormone, insulin-like growth hormone, es-
trogen, prolactin, adrenoglucocorticoid and triiodothyronine, induce the formation of 15-20 
lobules of glandular tissue, each of which contains a lactiferous duct. The lactiferous ducts 
open into a small mammary epithelial pit, which will transform into a nipple. Mesodermal 
proliferation gives rise to the circular and longitudinal smooth muscle fibres of the nip-
ple-areola complex. The areola pigmentation depends on two polymers, eumelanin and 
pheomelanin, which give it its brown and red colour. The nipple contains multiple nerve 
endings, Meissner corpuscles, Ruffini corpuscles, Krause corpuscles and an autonomic 
nervous system. They play an important role in the lactation process. (Allen G., 2015)
The conducting lactiferous ducts are lined with stratified epithelium. They widen under-
neath the areola into lactiferous sinuses that are lined with cuboidal and myoepithelial 
cells, and these transform into keratinized stratified squamous epithelium at the opening 
of the nipple. Inside the lobules, the ducts have columnar epithelium and are lined with 
the basal lamina and myoepithelium at the periphery of the ducts. Invasive ductal carci-
noma arises from these ducts (Forsyth I.A., 1991).

The anterior lamina of Scarpa’s fascia lines the breast gland superficially and its posteri-
or lamina provides lining against the pectoral muscle. A horizontal fascial septum, which 
originates from the lower lateral border of the pectoral fascia at the level of the fifth rib, 
divides the breast into a superior two-thirds and an inferior one-third and contains a neu-
rovascular bundle for the nipple-areola complex (Wuringer et al., 2002).

5.2.2 Neuroanatomy of the breast, abdomen 
(donor site of ms-TRAM) and skin

The breast is innervated by the 2nd to 6th intercostal nerves as well as by supraclavicular 
nerves (Sarhadi N.S. et al., 1997; O’Connell R.L. et al., 2015). It is commonly believed 
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Figure 1: The neural anatomy of the breast

that the nipple-areola complex is innervated by the 4th intercostal nerve. In addition, a 
number of other intercostal nerves lead to the nipple and areola. Several branches of the 
3rd to 5th intercostal nerves on the lateral side of the breast, as well as of the 2nd to 5th 
intercostal nerves on the medial side of the breast, lead to the areola. The nerves to the 
nipple lie in the superficial fascia and pass through the subdermal tissue of the areola to 
form a plexus under it (Sarhadi N.S. et al., 1997; Jaspars J.J. et al., 1997). (Figure 1)

The sensation of the breast skin is segmental because of the various dermatomes associ-
ated with the development of the breast. The sensory medial branches of the intercostal 
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nerves follow the course of vascular perforators in the inner part of the breast. The inter-
costobrachial nerve, which is the lateral branch of the 2nd intercostal nerve innervating 
the skin of the upper arm, also innervates the floor of the axilla. 

Freilinger (1978) showed that 70% of the fibres of the upper intercostal nerves on the 
chest are sensory even though they travel in mixed nerves, whereas 90% of the fibres of 
the lower intercostal nerves on the lower abdomen are sensory.

Tansatit et al. (2006) dissected 41 cadavers in order to study the circulation and innerva-
tion of the abdominal flap and found that there are on average four nerves (3-6) per flap. 
The motor branches of these nerves branch out into several smaller branches within the 
rectus abdominis muscle as the nerves pass through the muscle. The sensory branches 
travel with the lateral, intermediate and medial vascular perforators of the deep inferior 
epigastric pedicle, though mostly with the lateral and medial perforators. Some of the cu-
taneous branches travel separately, and pierce the rectus sheath to innervate the skin alone. 
The lateral row of vascular perforators, which usually have a rectilinear course, travels 
with the nerves right from the beginning. In contrast, the medial row perforators, usually 
with an oblique course, do not initially accompany the nerves. The use of the lateral row 
perforators is recommended for DIEP dissection. They are the second largest perforators 
that are followed by nerves and are located 2.5 cm below the umbilicus. Moreover, they 
travel in a rectilinear course, which makes their dissection safer. (Tansatit T. et al., 2006)

5.2.3 Sensory end organs of the skin

Anatomically, the nervous system is divided into the central and peripheral nervous sys-
tem. Peripheral somatic sensory neurons transmit cutaneous and deep sensations, and 
peripheral somatic motor neurons innervate skeletal muscles. The peripheral nervous 
system also comprises the autonomic nervous system (with further division into the 
sympathetic and parasympathetic nervous systems), which regulates e.g. skin perspira-
tion and blood flow to the skin (Gardner E.P., Martin J.H., 2000).

Sensory axons are peripheral branches of the sensory neurons that terminate in the skin as 
sensory receptors. Sensory receptors convert e.g. mechanical and thermal stimulus energy 
into electrical impulses. This sensory information is transmitted to the brain as action po-
tentials that travel along the sensory neurons of the peripheral nerves and along the central 
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somatosensory pathways (Kimura J. 2001). Receptors are distributed topographically in a 
sense organ so that their activity indicates the modality of the stimulus as well as its size and 
location. Thus one stimulus activates many receptors simultaneously. The receptor density 
in the skin varies a lot depending on the part of the body (the highest density being in the 
fingertips and the mouth region (Gardner E.P., Martin J.H., 2000) (Figure 2).

5.2.3.1 Sensory receptors

Depending on the stimuli to which they respond, sensory receptors are divided into 
mechanoreceptors, thermoreceptors, nociceptors (pain receptors), chemoreceptors and 
photoreceptors (Purves D. et al., 2001).

Sensory receptors of the skin are non-encapsulated or encapsulated. Free nerve endings, Merkel 
discs, Krause end bulbs and root hair plexuses are non-encapsulated sensory receptors of the 
skin. Encapsulated sensory receptors, comprising Meissner corpuscles, Pacinian corpuscles 
and Ruffini endings as well as non-encapsulated Merkel discs are all mechanoreceptors.

Mechanoreceptors are classified as rapidly adapting or slowly adapting nerve endings, de-
pending on their adaptability. Meissner and Pacinian corpuscle end-organs are rapidly adapt-
ing mechanoreceptors responding to vibration, whereas Merkel discs and Ruffini corpuscle 
end-organs are slowly adapting mechanoreceptors mediating other tactile sensations.

All of these mechanoreceptors mediate different kinds of tactile sensations, such as light 
and rough touch, pressure, vibration, two-point discrimination and movements on the skin. 
They are mostly connected to afferent A-beta nerve fibres, except for some free nerve 
endings that are connected to A-delta fibres, which mediate pressure, pain and sticking 
sensations (Gleveckas-Martens N. et al., 2013). Merkel and Meissner receptors sense fine 
tactile and spatial differences. Merkel & Pacinian corpuscles and Ruffini endings detect 
stretching of the skin, pressure, and rough texture against the skin, as well as spatial differ-
ences (two-point discrimination). Two-point discrimination varies in different regions of 
the human skin largely depending on the density of sensory receptors. According to Gard-
ner et al. (2000), the two-point discrimination of the breast skin is approximately 30 mm 
and the two-point discrimination of the abdominal skin is 35 mm. Vibration sensations are 
mediated by Meissner and Pacinian corpuscle end-organs, and these are connected to affer-
ent A-beta fibres. Lowest frequencies (5-15 Hz) of vibration are mediated with Merkel disk 
receptors, mid-range frequencies (20-50 Hz) are detected by Meissner corpuscles. Pacin-
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Figure 2: The anatomy of the sensory organs in the skin

1. Free nerve endings 
(pain, heat, cold)

2. Merkel disks (light touch, 
two- point discrimination

4. Root hair 
plexus (touch)

3. Krause end bulbs 
(touch, pressure, cold)

5. Meissner corpuscles 
(light touch, two-point 
discrimination, vibration 
with low frequency

6. Pacinian corpuscles (stretch-
ing, movement, pressure, two-
point discrimination, vibration 
with high frequency

7. Ruffini endings (stretch-
ing, pressure, rough touch, 
two-point discrimination)
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ian corpuscles transmit rapid movement and vibration of higher frequencies (60-400 Hz), 
and they connect also with A-alfa afferent fibres (Mountcastle V.B. et al., 1972; Gilman S., 
2012). The Pacinian receptor consists of concentrically arranged, fluid-filled lamellae of 
connective tissue that form a capsule surrounding the sensory nerve terminal. Because of 
this capsule, the sensory endings specialize in the detection of motion.

Topographically, Merkel and Meissner receptors are located close to the surface of the 
skin, under the dermal-epidermal junction. Ruffini endings and Pacinian corpuscles, 
which detect pressure, are located deeper in the subcutaneous tissue. These receptors are 
bigger in size and larger in number. 

Thermoreceptors are small free intraepithelial nerve endings that mediate sensations of cold 
via A-delta fibres and sensations of heat via C fibres. Receptors for cold are located in the upper 
region of the dermis. More receptors respond to cold than to heat. Krause end bulbs, a type of 
encapsulated nerve endings, mediate sensations of pressure and cold (under 20 degrees Celcius).

Nociceptors, which detect pain, are free intraepithelial nerve endings and their stimuli 
travel along afferent A-delta (quick first pain) or C nerve fibres (second, slow pain) 
(Mader S.S. et al., 2000). Pain receptors are activated by cell damage, inflammatory 
stimuli, chemicals and the lack of oxygen.
Thermoreceptors and nociceptors can be measured by intraepithelial nerve fibre density (ENFD).

Photoreceptors are mostly found in the retina of the eye. In antibody studies, however, 
they have also been found in the human skin. Longer-wavelength opsin has been discov-
ered in the basal layer of the epidermis and shorter-wavelength opsin in the upper layer of 
the epidermis (Tsutsumi M., 2009). Melanin units and hair follicles function as the skin’s 
photoreceptors. Embryologically, melanocytes arise from the neural crest. They interact 
with the skin’s keratinocytes, surface blood vessels and free nerve endings and form a 
photoresponsive network within the skin, which regulates the sleep-wake cycle according 
to the light conditions of the environment and the season (Iyengar B., 2013).

In stem cell research, animal experiments have been carried out in order to develop a 
method whereby photoreceptors generated from human skin could be transplanted on 
the retina to treat eye diseases that cause blindness (Weaver J., 2010).

Chemoreceptors are mostly found in the nose (olfaction) and the mouth (gustation), but re-
cent discoveries have shown that they also affect ciliary motility, participate in the regulation 
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of vascular blood flow in the skin, and mediate pain sensation (Heffernan M.J. et al., 2014).

5.2.3.2 Sensory afferent fibres

Sensory axons that terminate in the nerve receptors of the skin differ from each other in 
terms of fibre length and impulse conduction velocity. Large nerve fibres are myelinated 
and have a high conduction velocity (A-α/β). Smaller nerve fibres with thinner myelin 
sheaths (A-δ/γ) have a lower conduction velocity, and the thinnest unmyelinated fibres 
(C-fibres) of small nerve fibres have the lowest velocity.

Large, thick myelinated, nerve fibres carry sensations of touch, vibration and two-point 
discrimination. Small unmyelinated or thinly myelinated afferent nerve fibres convey 
information about thermal stimulation of thermoreceptors. Cool detection is transmitted 
through A-δ fibres and warm detection by unmyelinated C-fibres. Depending on their 
central pathways, A-δ or C-fibres mediate pain sensation from nociceptors. (Mader S.S., 
2000). Small nerve fibres account for the majority (75%) of the neurons innervating the 
skin. Small thin myelinated gamma fibres carry motor “sensation”, transmit muscle con-
traction commands and initiate protective reflexes (Gleveckas-Martens N. et al., 2013).

5.2.3.3 Central somatosensory pathways

The somatosensory system of the trunk and extremities is a three-neuron system that me-
diates cutaneous sensations from the periphery and conveys them via specific pathways 
through the spinal cord, brainstem and thalamic relay nuclei to the primary (S1) and second-
ary (S2) somatosensory cortices in the parietal lobe and to the insula and cingulum (Palecek 
J. et al., 2002). The somatosensory cortex is located in the anterior parietal lobe of the brain.

Tactile, noxious or thermal sensory stimuli activate their specific sensory receptors in 
the skin, whereafter the generated action potentials are transmitted via afferent sensory 
nerve fibres to the spinal dorsal root ganglion, where the cell bodies of the first order 
neurons are located. After this ganglion, the somatosensory pathway is divided into an-
terolateral and posterior funicular pathways.
Small, thinly myelinated (A-δ) and unmyelinated (C-fibres) axons mediating pain and ther-
mal sensations enter the dorsal horn of the spinal cord, where they synapse with the second 
order neuron. The axons of these second order neurons cross the midline and ascend con-
tralaterally in the anterolateral quadrant of spinal cord along anterolateral-spinothalamic 
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tract to thalamus. The transmission of the nociceptive and thermal message continues to 
the ventral posterior nuclear complex of the thalamus, where the cell bodies of the third or-
der neurons are located. These neurons continue in parallel pathways to the somatosensory 
cortex and limbic system including insula, where thermal and pain sensations are assessed. 

Large A-β fibre axons enter the dorsal horn of spinal cord, and travel ipsilaterally (not 
crossing midline) through posterior funicles and medial lemniscal pathway carrying in-
formation of touch, vibration, and proprioception. The first synapses are located in the 
lower brainstem nuclei cuneatus (upper extremities) and gracilis (lower extremities). 
Axons on the second order neurons synapse with the third order neuron in thalamus, 
from where the axons project to the S1 and S2 cortices (Bickley L.S., 2007). 

In summary, the sensory information is divided into two functional groups after the dorsal 
root ganglion. Sensations of pain and temperature, conveyed by small sensory nerve fibres, 
are transmitted via the anterolateral system, while the sensory information from the large my-
elinated sensory nerves is transmitted via the posterior funicular-medial lemniscal system. 
Tactile information is mediated by both systems. The S1 cortex has specific areas for different 
parts of the body, the so called sensory homunculus. Body parts that are particularly important 
regarding skin sensation, such as fingers and mouth, are represented by larger cortical areas, 
whereas skin of the trunk has very small cortical representation area (Afifi A.K. et al., 1998).

5.2.4 Sensory lesion in breast reconstruction 
surgery (chest and abdominal donor site)

During breast cancer surgery, the sensory nerve branches entering the chest are usually cut us-
ing a scalpel, scissors or an electrosurgical knife. When a nerve is cut off, the distal portion of its 
axon degenerates (Wallerian regeneration), because it is isolated from the cell bodies supporting 
it located in dorsal root ganglia. The skin area innervated by the cut nerve becomes numb but 
at the same time, the damaged proximal stump of the nerve begins to regenerate, attempting to 
restore sensation in the periphery (axonal reinnervation). At the cut-off point of the nerve there 
often develops a neuroma, which consists of a disorganised mass of scar tissue, neuroglial cells, 
inflammatory cells and nerve sprouts. Neuroma formation at the proximal end of the damaged 
nerve is partly responsible for the pain symptoms related to a nerve injury (Craft J. et al. 2015).  

In breast reconstruction surgery, the nerves to be dissected with the innervated free abdominal 
flap are prepared gently and cut off sharply, and then connected immediately to the thoracic 
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nerves. In Spiegel’s study, the nerve coaptations were covered with a NeuraGenTM tube, 
which may reduce neuroma formation and enhance regeneration by guiding the newly formed 
nerve sprouts to the correct end organ site (Archibald S.J. et al., 1987; Spiegel A.J., 2013).

The nerve endings of the skin need energy, which is supplied by the subcutaneous vasa 
nervorum in the epi- and perineurium. Therefore, the subcutaneous vasa nervorum and vasa 
vasorum should be intact. The ischemic time for the microvascular free flap in breast recon-
struction is less than 60 minutes, and thus the metabolism of the nerve endings will not be dis-
turbed. This provides good conditions for nerve regeneration (Chawla J., 2016). Small nerve 
fibres are the first to suffer when a nerve injury occurs, because of their higher metabolic 
requirements. They are located centrally and they account for most of the nerve fibres (75%).

Gürlek et al. (1997) concluded in their study on 700 free flaps that the flap ischemia time 
should not be longer than three hours. When using the Esmarch tourniquet in orthopedic 
surgery, a safe ischemia time limit of 1–3 hours has been recommended; however, the dura-
tion and pressure of tourniquet application remains a controversy (Sharma J.P. et al., 2012).

5.3 METHODS FOR THE ASSESSMENT 
OF SENSORY NERVE LESION 
AND THEIR RECOVERY

5.3.1. Assessment of subjective sensory symptoms: 
questionnaires, history

The assessment of subjective sensation is a demanding, patient-focused task, the success 
of which also depends on the patient’s perceptual accuracy and level of intelligence. 
The examination environment should be peaceful, and the patient should be well-rested, 
relaxed and replete. Also, the examiner must have an absolutely neutral approach, with-
out a hint of suggestion (Reeves G. et al., 2009).  Nevertheless, the results are always 
dependent on the subjective factors from the side of the patients and the examiner.

Patient questionnaires have played a central role when assessing damage to skin sensa-
tion or the recovery of sensation after reconstructive surgery (Chen T.L. et al., 2005). 
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Table 2. Subjective sensory disturbances: the symptoms and their definitions.

Patient satisfaction and measuring it as reliably as possible are also of a great signifi-
cance in the assessment of the recovery of skin sensation. Grogan and colleagues (2000) 
developed a 46-point patient questionnaire for assessing patient satisfaction with general 
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*ENFD = epithelial nerve fibre density, SENFD= subepithelial nerve fibre density

Table 3: Investigation of somatosensory function by fibre type and sensory modality.

practitioner services in the United Kingdom. In Grogan’s study, the reliability of the 
questionnaire was measured to be 0.75-0.95 (Crohnbach’s α). Along with the develop-
ment of surgical services (e.g. day surgery) and the increase in surgery to treat lifestyle 
diseases (e.g. bariatric surgery), questionnaires to assess patients’ experiences have been 
developed and validated (Black N. et al., 1993).

Assessment of subjective sensory disturbances and their early recovery predicts the ex-
tent of final sensory injury and recovery from it (Teerijoki-Oksa T. et al., 2011; Jääskeläi-
nen S.K. 2004). Teerijoki-Oksa demonstrated that, also when based on patients’ subjec-
tive assessment, a demyelinating nerve injury after mandibular sagittal split osteotomy 
heals faster than an axonal nerve injury. Sensory disturbances experienced by patients 
three months after surgery indicated axonal damage, and the recovery from this type of 
injury was slow and signalled poorer overall recovery (Teerijoki-Oksa T. et al., 2011). 
This had earlier been documented and verified with objective and quantitative measures 
in detail (Jääskeläinen S. et al., 2004).

Subjective sensory disturbances can be classified on the basis of the anatomic end organ, 



53

the function of the impaired sensory modality, or the cortical interpretation of sensory 
information (Table 2).

As the recovery of skin sensation is a subjective experience and, in addition, the human 
brain adapts itself to a sensory disturbance, assessment of sensory recovery, following 
neurorrhaphy, only by means of a patient questionnaire may be unreliable (Jääskeläinen 
S.K., 2004; Jääskeläinen S.K. et al., 2009). Therefore an extensive battery of skin sen-
sation tests that are as objective as possible is necessary for assessing disturbances and 
recovery of skin sensation following surgery, injuries and various diseases (Table 3).

5.3.2 Clinical sensory testing 

Clinical sensory tests include vibration, static two-point, and sharp-blunt discrimination 
tests. Tactile and thermal detection can also be tested clinically by asking the subject to 
identify the tested object with a yes or no answer. However, quantitative tactile and ther-
mal sensory threshold tests are more accurate and reliable compared to clinical sensory 
tests and therefore quantitative tests have largely replaced clinical tactile and thermal 
detection tests (Bertelsman F.W. et al., 1994; van Sickels J.E. et al., 2002).

5.3.2.1 Vibration discrimination

The classic method of producing a vibration stimulus is to place a vibrating tuning fork at 
the site to be tested (Whitton T.L. et al., 2005). Mechanoreceptors of the skin respond to 
the vibration by producing action potentials, which are transmitted as pulse codes via large 
afferent fibres and dorsal funicular – medial lemniscal pathways to the cerebral cortex. The 
perception of vibration as a series of repeating sensations results from multiple receptors be-
ing activated simultaneously and action potentials being discharged synchronously (Gilman 
S., 2002). Tuning forks are available in various frequencies (15-500 Hz). Different mechan-
oreceptors respond to different frequencies (Mountcastle V.B. et al. 1972). Humans are most 
responsive to vibration discrimination at frequencies of 200–250 Hz (Gilman S., 2002).

5.3.2.2 Two-point discrimination

Two-point discrimination is a spatial ability to distinguish two closely placed point stim-
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uli (Gardner E.P. et al., 2000). The two-point discrimination threshold is tested by 
touching the skin simultaneously with two sharp points. The distance between the 
points is increased (or decreased) to establish the smallest distance at which the 
patient identifies the touch as the two separate points. 

The size of the tips of the testing device – e.g. Dellon-Mckinnon Disk-Criminator™ 
(AliMed, MA, USA) or Absolute Digimatic Caliper (Mitutoyo Corp.) – as well as 
the distance between the tips are calibrated (mm) (Tong J. et al., 2013). One prob-
lem pertaining to the two-point discrimination test is that the probe must be placed 
manually on the skin yet using a consistent pressure for all trials.

Weber introduced a method for testing the two-point discrimination threshold as 
early as 1843 (Weber E.H., 1996). In neurologic examination, the two-point dis-
crimination test is frequently used especially in hand injuries (Nolan M.F., 1985; 
Dellon A.L., 1981; Jerosch-Herold C., 2005). The two-point discrimination thresh-
old varies between different body parts, being 1 mm on the tongue, 2-4 mm on the 
lips, 20 mm behind the ear, 2-8 mm at the fingertips, 30-40 mm on the torso (Chen 
C.C. et al., 1995, Bickley et al. 2005). The reliability of two-point discrimination 
testing has been widely criticized because of the inexplicable variation in the re-
sults. This may partly be due to the great variation in the density of nerve receptors 
in the skin of different parts of the body (Tong J. et al., 2013), and additionally due 
to learning processes in repeated testing in follow-up studies.

5.3.2.3 Sharp-blunt discrimination

The skin area to be tested is lightly and randomly touched with the sharp or blunt tip of a 
two-tip probe (e.g. a partially unfolded paperclip) and the subject is asked to report wheth-
er the stimulus is sharp or blunt (Bigley G. K., 1990; Schultze-Mosgau S. et al., 2001). 
If the subject identifies 80% of the touches correctly, the test result is considered normal.

5.3.2.4 Thermal discrimination

Hot and cold sensation can be tested clinically using metal probes, plates or rods 
or thermorolls with a certain temperature, for example 20°C/ 40○C. It is called su-
pratreshold thermal stimulation. The patients are asked, if they can identify hot and /
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or cold sensation (Claus D. et al., 1990). 

Clinical sensory examinations have been considered rather insensitive in the diagnoses 
of peripheral neuropathies (England et al 2005; Jääskeläinen S, 2004, 2009; Teeri-
joki-Oksa T. et al 2003,2004) and in the follow-up of sensory recovery (Jääskeläinen 
S.K. 2009) so more sensitive and quantitative tests have been developed.

5.3.3 Quantitative sensory testing

Quantitative Sensory Testing (QST) measures the detection threshold of objective, 
physical, accurately calibrated sensory stimuli of varying intensities applied to the 
skin (Shy M.E et al., 2003). The perception of a stimulus is, however, a psycho-
physical event where the test subject identifies a quantified stimulus. Thus the test 
environment should be free of distraction to enable the subject to concentrate on 
identifying the various stimuli (Mücke M. et al., 2016).  Even as early as in the 
1900s century psychologists found the signal detection theory (SDT). It is a method 
for assessing a test subject’s individual ability to discriminate between painful and 
non-painful stimuli (sensitivity) as well as his or her individual criteria for experi-
encing a stimulus as painful (response-bias) (Moloney N. A. et al., 2012). Shy and 
colleagues (2003) selected 350 articles about QST analysis performed by means of 
computerized, non-computerized and electrical threshold devices. They found it 
difficult to compare the various test results and their normal reference values and 
concluded that while QST is a potentially useful tool for measuring sensory impair-
ment, further studies comparing the different methodologies are necessary.

A German research network implemented an extensive QST protocol for measuring 
thermal and mechanical detection thresholds with the aim of establishing reference 
values for these, as well as for detailed analysis of small and large nerve fibre 
function and pain (Rolke R. et al., 2006). QST thresholds were measured on 180 
healthy test subjects aged 21-58 bilaterally on the face, hand and foot. The face had 
the lowest detection thresholds, followed by the hands and the feet. There were no 
significant differences between the left and right side of the body. The thermal pain 
and vibration detection thresholds were the only parameters that did not depend on 
the body region (Rolke R. et al., 2006). In a further study, Maier and colleagues 
(2010) sought to establish the somatosensory profiles of 1,236 patients with differ-
ent neuropathic pain syndromes using an extensive QST battery.



56

In an extensive study conducted by Pfau and colleagues (2014), the QST profiles of 
162 healthy test subjects revealed no systematic differences between the different 
parts of the torso. However, age was a significant factor, and women had a lower 
pain threshold than men (Lin Y.H. et al., 2005, Neziri A.Y. et al., 2012).

5.3.3.1 Algorithms (method of limits, 
method of levels, forced choice)

The reporting of stimulus response in QST is influenced by subjective, patient-spe-
cific factors (Bertelsmann F.W. et al., 1994). In order to facilitate the determination 
of sensory thresholds, various standardized and validated algorithms have been 
developed for the delivery of stimuli and for the ways the test subject is required to 
report the perceived stimulus (Dyck P.J. et al., 1996).

Two main algorithms used in QST are the method of limits and the method of levels 
and forced choice. In the method of limits, the person makes a subjective decision 
of the perception of the stimulus while the stimulus is being applied (reaction-time 
inclusive tests). The intensity of the sensory stimulus is increased and decreased grad-
ually or in steps, and the subject is asked to indicate as soon as he or she detects the 
appearance or disappearance of the stimulus. The stimulus intensity, at which the test 
subject responds, indicates the sensory threshold. The rate at which the sensory stim-
ulus changes can cause an artefact especially in testing slowly-conducting small nerve 
fibres (Swerup C. et al., 1987). The reaction time artefact is larger when measuring 
the warm threshold than when measuring the cool threshold because the cool-sensing 
A-delta fibres are faster-conducting than the warm-sensing afferent C fibres (Yarnitsky 
D. et al., 2006). This artefact can be diminished by using a slower rate of change for 
the warm stimulus. The usual rate of change used in warm threshold testing is 1°C 
per second. The method of limits is generally used for measuring the tactile detection 
threshold as well as the warm, cool, heat pain and cold pain detection thresholds.

In the method of levels, stimuli of predefined intensity levels are applied repeatedly 
until the threshold level detected by the test subject can be determined. The test 
subject indicates whether he or she perceived the stimulus only after the stimulus 
has been applied (reaction-time exclusive tests). The reliability of the method is in-
creased with the increase of the various stimulus intensity levels applied (Shy M.E. 
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et al., 2003). The method of forced choice is not suitable for determining the pain 
threshold (Chantelau E.A., 2015, Testfaye S., 2010).

When comparing the method of limits and the method of levels, the former is a fast-
er method. The method of levels is more time consuming but the results are more 
accurate; however, the sensitivity and reproducibility of both methods are good 
(Yarnitsky D. et al., 2004). Force choice is very time consuming and not suitable 
for routine clinical applications.

5.3.3.2 Tactile detection threshold

Maximilian von Frey developed a flexible filament from horse hair for determining 
the tactile detection threshold in 1896. When the skin is touched with filaments of 
varying thickness, they bend and exert certain forces on the skin (peak force thresh-
old) (Tena B. et al., 2012).

Semmes and Weinstein used flexible nylon monofilaments to measure the tactile 
sensation of the skin when evaluating paresthesia on the hands of patients with a 
brain injury (Fruhstorfer H. et al., 2001). 

The determination of the tactile detection threshold using von Frey filaments (based 
on the Semmes-Weinstein monofilament set) is today a standardized and accepted 
method utilizing classic method of limits approach (Essick G.K., 1992; Bonin R.P. et 
al., 2014). A test set comprises 20 filaments of the same length and varying diameters. 
Each filament has been calibrated so that when pressed against the skin, it exerts on the 
skin a constant force that is expressed as grams per square millimetre (g/mm2) (Wein-
stein S. et al., 1993; Bell-Krotoski J. et al. 1993). The recommended optimal ambient 
temperature for use is 18-24 °C (Somedic Hörby Ab, Sweden). Also humidity should 
be steady, preferably under 10 %. The latest developed filament set is Optihair (Mark-
stock Nervtest, Germany).  Its function does not depend on humidity or temperature, 
and it is one of the best on market today (Bryce T.N. et al, 2007).

5.3.3.3 Vibrotactile detection

Vibration detection threshold can be quantitatively tested using a vibrometer. It de-
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livers vibration that increases when the voltage is increased (0-50 V). The vibration 
probe is placed at the site to be tested, and the patient presses a button as soon as 
he or she feels vibration. After this, the voltage of the device returns to zero and the 
test can be repeated. Neurothesiometer brands available in the market include Di-
aped (Algeo A., UK) and Bailey (Bailey Instruments Ltd, Manchester; Vibrometer, 
Somedic). When comparing the vibration discrimination measured with a tuning 
fork and a neurothesiometer on patients with diabetic neuropathy, the neurothesi-
ometer has proved to be more sensitive, though both methods are valid (Bril V. et 
al., 2002; Kästenbauer T. et al., 2004; Martina I. et al., 1998).

A computer-controlled vibrameter (PCV50, Ztech, Salt Lake City, UT; VSA-3000 
– Vibratory Sensory Analyzer) can be used for quantitative vibration threshold test-
ing. The method provides stimuli of increasing or decreasing intensity at a certain 
frequency (Hz) until the patient identifies the stimulus. The PCV50 device has a 
fixed frequency of 50 Hz. Stepwise changes in the amplitude are used to determine 
the vibration detection threshold (Dyck P.J. et al., 1990).

5.3.3.4 Thermal quantitative sensory testing

Thermal QST examines the functionality of small myelinated A-delta fibres and 
unmyelinated C-fibres (Ziegler E. A. et al., 1999; Mücke M. et al., 2016). Most 
tests for cool and warm detection thermal thresholds are scientifically conduct-
ed using a thermotest device, either the ‘‘thermal sensory analyzer’’ by Medoc 
(Ramat Yishai, Israel) or the ‘‘Modular Sensory Analyzer’’ by Somedic (Hörby, 
Sweden). Standard commercial thermodes with a stimulating surface from 1.0 to 
12.5 cm2 is brought into contact with the skin. Using the thermode, the skin is 
cooled or heated at the rate of 1-4 °C/s from a thermoneutral baseline temperature 
of 30- 32 °C for each test. The highest temperature limit for heating is usually 50 
°C in order to avoid burn damage to the skin (Verdugo R. et al., 1992). For the 
determination of cool (CDT) and warm (WDT) detection thresholds, subjects are 
asked to press a response button as soon as they perceive the first change from a 
neutral temperature sensation toward cool or warm, respectively. After pressing 
the button, the temperature is automatically returned to the baseline. The data are 
presented as the mean or median values of the difference between the baseline 
temperatures and three to five individual threshold determinations (Rolke R. et 
al., 2006; Mücke M. et al., 2016).
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For the study plan of thermal QST, the method needs to be standardized with base-
line temperature, the rate of the temperature change, the thermode size, the testing 
sites and patient instructions. However, there are plenty of problems in comparing 
the results of quantitative determination of thermal detection thresholds between 
different studies because of their heterogeneity (Perkins P. et al., 2003; Shy M.E. et 
al., 2003). Moloney and colleagues compared the reliability of thermal thresholds 
in a systematic review. Out of the 21 studies, they chose five studies of a high meth-
odological quality. As a conclusion, they found that the reliability of cool and warm 
detection thresholds ranged from poor to excellent, while the reliability of heat and 
cold pain thresholds ranged from fair to excellent (Moloney N.A. et al., 2012).

5.3.4 Neurophysiological examination

Neurophysiological techniques objectively measure nerve abnormalities behind the 
patient’s symptoms. They are widely used for neurological diseases and nerve in-
juries. Nerve conduction studies, electroneuromyography (ENMG) and somatosen-
sory evoked potentials (SEP) assess large fibre system: the peripheral nerve func-
tion and central pathways in the central nervous systems (Kimura J. et al., 1982; 
Jääskeläinen et al., 1995; Jääskeläinen 2004, 2009).

Laser evoked potentials (LEP) and contact heat potentials (CHEP) measure small 
fibre function in anterolateral spinothalamic pathway (A-δ and C-fibres).

5.3.4.1 ENMG

Electroneuromyography (ENMG) is used to diagnose peripheral nerve diseases. 
Changes in the nerve conducting velocity reveal, for example, nerve entrapment, 
peripheral neuropathy and trauma nerve injuries (Kimura J. 2001; Mansukhani 
K.A. et al., 2008).

ENMG consists of nerve conduction measurements (neurography) and needle ex-
amination of muscles. The sensory and motor nerves are stimulated with an elec-
trode consisting of active cathode and an anode. Responses are recorded with sur-
face of needle electrodes from the sensory nerves and muscles. ENMG results can 
reveal peripheral nerve disorders, and it is generally considered the gold standard 
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of peripheral neuropathy and nerve injuries (England et al 2005, Jääskeläinen 2009, 
Haanpää M. et al 2011). Other objective neurophysiologic recordings may be ap-
plied to study thoracic dermatomes (Benedekt S. et al., 1998). However, unfortu-
nately, there is not any reliable ENMG technique for the study of the sensory nerves 
innervating breast skin. These have mostly not been applied to the study of breast 
surgical patients (Blondeel et al., 1999).

5.3.4.2 SEP, CHEP, LEP

5.3.4.2.1 Somatosensory evoked potential (SEP)

George Dawson recorded the first somatosensory evoked potential (SEP) in 1947 in 
a patient with progressive myoclonic epilepsy (Eisen A., 1982).
Somatosensory evoked potentials (SEPs) of the brain are electrical responses to 
peripheral nerve stimulation generated in the somatosensory cortex. The response 
delays (latencies) to the major negative and positive voltage peaks are measured in 
milliseconds (ms), and the response amplitudes from peak-to-peak in microvolts 
(µV). The electrical stimulus excites both the large myelinated fibres and also the 
small fibres, but the scalp recorded potentials reflect the function of the largest A-β 
afferents. The electrical stimulus produces action potentials that travel along the so-
matosensory pathway across the dorsal root ganglia and the nucleus of the thalamus 
to the parietal sensory cortex of the brain. This can be recorded at the scalp with 
EEG electrodes. (Carter J.L. and Stevens J.C., 2009)

DelVecchyo and colleagues (2004) presented the results of dermatomal SEP in 
their study of reduction mammoplasty using the McKissock method. They found 
that small breasts were more sensitive than large ones. In the comparison of post-
surgical sensory outcomes after reduction mammoplasty, sensation of the reduced 
breast was improved. They concluded that the application of dermatomal soma-
tosensory evoked potentials was an objective, quantitative and non-invasive meth-
od that allowed the authors to evaluate breast sensibility and to compare postsur-
gical sensory outcomes.

Normal SEP expresses mixed nerve trunk stimulation; as dermatomal SEP registers 
the stimulation of the skin within a smaller sensory nerve distribution.
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5.3.4.2.2 CHEP

Contact heat evoked potential (CHEP) has been developed to record cerebral re-
sponses to the excitation of small nerve fibres (A-δ and C nerve fibres), similar to 
SEP with EEG electrodes placed on the scalp (Chao C.C., 2010). CHEP records the 
electrical response of the brain to short heat stimuli applied to the skin. Initially, 
the subject’s thermal threshold is tested with a special thermode, which can be 
warmed up to 70°C. CHEP offers a non-invasive approach to assess the degenera-
tion of thermonociceptive nerve fibres especially in diabetic neuropathy by provid-
ing physiological correlates of skin denervation and neuropathic pain (Chao C.C. 
et al., 2010). Atherton et al. (2007) found that CHEP can be a useful additional tool 
for the assessment of sensory small fibre neuropathy. Ruscheweyh and colleagues 
(2013) demonstrated with 60 healthy subjects that changes in CHEP amplitudes and 
latencies may occur over time, possibly depending on seasonal differences in the 
thermal conductivity of the skin and on psychological factors.

5.3.4.2.3 LEP

Laser evoked potentials (LEPs) are also used to assess small nerve fibre function. 
The responses of LEP are better than with CHEP. The painful stimulus is applied 
to the skin by a laser pulse of standardized wavelength and duration (1000○C/sec), 
and the cerebral response is recorded via scalp electrodes as in SEP and CHEP 
(Garcia-Larrera et al., 1997). Both CHEP and LEP measure the function of A-δ 
fibres in anterolateral spinothalamic pathway.
In neurophysiological tests on 40 patients who had Sjögren’s syndrome with as-
sociated small fibre neuropathy, abnormal laser evoked potentials were obtained 
in 97.5% and abnormal thermal quantitative sensory test results in 67.5% of the 
patients (Sène D. et al., 2013).

5.3.5 Skin biopsy

Paul Langerhans described the small nerve branches of the skin epidermis, epitheli-
al nerve fibres (ENF), as early as a hundred years ago. With the development of the 
electron microscope, these small epithelial nerves could first be seen in the 1970s. 
The actual calculation of the average density of epithelial nerves was presented in 
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Hopkins Medical Centre 20 years ago (Holland N.R. et al., 1998). Following this, 
the ENFD test quickly spread to clinical practice in qualifying and quantifying 
peripheral small fibre neuropathy (Sommer C. et al., 2007, Lauria G. et al., 2011).

Smith and colleagues (2005) proved that ENFD measurement is highly reproduc-
ible within subjects varied by location. Lauria and colleagues (2010) conducted a 
worldwide multi-centre study with 550 subjects in order to determine normative 
reference values of ENFD. They found that the median of ENFD in the distal leg 
(10 cm above the lateral malleolus) is age-dependent and that women have slightly 
higher values than men. Between the ages of 20-80, the range of normal reference 
values of ENFD for women was 13.5-6.7 and for men 10.9-7.2 fibres/mm (Lauria 
et al., 2010) using 50 μm sections. There are other studies using 10 μm sections of 
biopsies for photomicroscope analysis, which is important to notice in comparison 
of results (Koskinen et al., 2005).

For a study plan there are several alternatives, which need to be fixed for the stand-
ardization of the ENFD- method. First the skin samples should be taken in the 
same way, mostly with a stance in 3-5 mm diameter by local anaesthesia. Secondly 
immunohistochemical staining techniques need to be chosen. There are in practice 
different commercially available antibodies: PGP 9.5, which is most common, β-tu-
bulin, GAP 43, and myelin basic protein for ENFD. Additionally, for subepithelial 
myelinoid nerve fibres (SENFD) a MAP antibody can be used. Thirdly, either light 
microscopy or confocal laser scanning microscopy is used for the estimation of ep-
ithelial nerve length and density. Confocal microscopy performs optical sectioning 
of the specimen, so it can also be used for thicker sections. The magnification of the 
microscope fields should be determined, too (Nolano M. et al., 2003).
     
The guidelines of the European Federation of Neurological Societies (EFNS) and 
Peripheral Nerve Society (PNS) propose that, based on 35,000 biopsies and 15 
years of practice, serial skin biopsies might be useful for detecting early changes 
and for predicting the progression of small fibre neuropathy. However, further stud-
ies are warranted to confirm the potential usefulness of skin biopsy with measure-
ment of ENF density as an outcome measure in clinical practice and research (Joint 
Task Force of the EFNS and the PNS, 2010).

Most ENFD analyses in small fibre neuropathy have been performed by taking a 
skin biopsy from the distal leg 10 cm above the lateral malleolus or thigh. Buono-
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core and colleagues (2014) calculated reference values and a symmetry ratio for 
different body parts in 133 healthy subjects (head, trunk, upper limb and lower 
limb) and found it reproducible.

There are only few studies about the diagnostic value of ENFD in nerve regenera-
tion after traumatic nerve damage, or after reconstructive nerve coaptation. Hsieh 
(2004) conducted a study on 20 adult patients with toe-to-finger transplantation. 
The sensory recovery was good in 7 and poor in 13 patients. ENFD correlated with 
clinical recovery, QST, and electrophysiological data. The reliability of ENFD has 
been debated, and it is controversial. The information of truncal ENFD-determina-
tion is scant, and no study of the breast skin with healthy subjects or breast cancer 
patients exists (Lauria G. et al., 1998).  

Casanova-Molla and colleagues (2011) analysed the relationship between ENFD, 
LEP and CHEP in patients with painful sensory polyneuropathy (96 patients) and 
found correlation between nociceptive evoked potentials (LEP and CHEP) and skin 
biopsy in the diagnosis of painful neuropathies.
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The main purpose of the present study was to develop a surgical neurorrhaphy method 
for free abdominal flap breast reconstruction, whereby it would be possible to provide as 
near to normal sensation as possible to a reconstructed breast on breast cancer patients 
after mastectomy. The specific aims of the study were:

6.1 

To investigate whether a single nerve repair with a free transverse rectus abdominis 
myocutaneous (TRAM) flap in breast reconstruction improved the sensory recovery of 
the breast compared with a traditional free TRAM flap without nerve repair, and which 
nerve was optimal for the neural anastomosis of the flap.

6.2 

To study whether the type of surgical procedure had an effect on somatosensory changes 
in the abdominal skin after breast reconstruction with microneurovascular transverse 
rectus abdominis myocutaneous (TRAM) flap.

6.3 

To develop a novel dual neurorrhaphy technique for the free muscle-sparing TRAM flap method 
and to compare that with the conventional single neurorrhaphy technique in breast reconstruction.

6.4 

To evaluate the relative utility of clinical sensory examination against quantitative sensory 
testing, examination of epithelial nerve fibre densities (ENFD) and subepithelial nerve 
endings (SENFD) in skin biopsies, and somatosensory evoked potential (SEP) recordings 
in the diagnoses and follow-up of sensory disturbance in a breast reconstructed with an 
innervated free transverse rectus abdominis muscle-sparing flap (neuro ms-TRAM), and 
in addition to evaluate these tests for comparison of the three different surgical techniques. 

The Original publications are referred to in this thesis by their Roman numerals (I-IV).
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The study was carried out at the surgical department of Savonlinna Central Hospi-
tal between 2001 and 2013. The Medical Ethics Committee of Savonlinna Central 
Hospital approved the study protocol, and all patients gave their informed consent 
to the participation in the study.

The patient population of this study consists of 96 consecutive breast cancer pa-
tients who were planned for breast reconstruction with a free abdominal flap, name-
ly a muscle-sparing transversal rectus abdominis myocutaneous flap (ms-TRAM). 
Most patients had delayed breast reconstruction (75), having previously undergone 
mastectomy as treatment for breast cancer. The smaller group of freshly diagnosed 
patients (21) who needed mastectomy to treat breast cancer underwent skin-sparing 
mastectomy and immediate breast reconstruction with an ms-TRAM flap.

Innervation of the ms-TRAM flap in breast reconstruction was started at Savonlin-
na Central Hospital in 2001 by the author, who conducted all free flap operations 
included in the study. The first series of patients (40) were studied retrospective-
ly during 2001-2005. The patients who underwent reconstruction with a free ms-
TRAM flap without nerve repair (conventional procedure) comprised the control 
group (20) for the comparison of differences in sensory recovery.

During 2001-2005, innervation of the ms-TRAM flap was performed on 20 patients 
using single neurorrhaphy with one nerve pedicle at one side of the flap. In 2006, 
the prospective study focusing on a new dual neurorrhaphy technique was initi-
ated. In this part, two nerve pedicles were sutured to the reconstructed breast on 
all except 12 patients, for whom we chose to use a single nerve pedicle during the 
operation because of the anatomy of the local nerves in the chest.

A total of 76 patients with an innervated ms-TRAM flap were included in this study, 
together with 20 control patients with a conventional ms-TRAM flap without nerve 
coaptation. The contralateral non-operated healthy breasts of 36 patients were used 
as an internal control for sensory testing and reference values for QST and SEP. 
Twenty healthy volunteer women without abdominal scars formed the reference 
group for sensory testing of the abdominal skin. Table 4 presents the methods of 
neurorrhaphy and the timing of the operation in different patient groups.

In immediate breast reconstruction, the patient’s own breast skin was spared and 
used to cover the ms-TRAM flap except for the nipple area, which was formed 
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from the abdominal flap skin. In delayed reconstruction, the original chest skin only 
covered a small upper and lower part of the ms-TRAM flap, and the abdominal skin 
formed most of the ms-TRAM breast.

In the surgical procedure in the retrospective study, thoracodorsal vessels were 
used as the recipient vascular pedicles. In the prospective study, the vascular anas-
tomoses were performed to internal mammary vessels. The aim was to include at 
least one lateral and one medial vascular perforator of the epigastric inferior vessel 
pedicle in the flap during the procedure.

The nerves of the ms-TRAM flap were dissected with the vessel pedicle, cutting 
small motor nerve branches from the rectus muscle, and the dissection was contin-
ued obliquely along the nerve stem under the rectus muscle as far as possible, i.e. 
for about 5-10 cm. On the other side of the ms-TRAM flap, a nerve was dissected 
along a vascular perforator through a small opening in the fascia, and again as far 
as possible, for up to 5-10 cm.

Single neurorrhaphy was in most cases performed between one of the 11th to 12th 
intercostal nerves of the flap and one of the nerves in axillary region, the intercos-
tobrachial nerve, the thoracodorsal nerve or the branches of the lateral 3rd to 6th 
intercostal nerves. In the cases with dual neurorrhaphy, lateral neurorrhaphy of the 
flap was performed in the axilla in the same way as described above. Additionally, 
neurorrhaphy on the medial side of the reconstructed breast was performed between 
one of the 10th to 12th intercostal nerves on the medial side of the flap and the 3rd 
to 5th branches of the superficial or deep intercostal nerves of the chest.

Figure 3 shows a preoperative plan of neuro ms-TRAM flap with dual neurorrhaphy.

Neurorrhaphy was mainly performed using the end-to-end technique; however, de-
pending on the local anatomical structures, the end-to-side technique was employed. 
In the total neuro-ms-TRAM patient group (76), 89 end-to-end and 30 end-to-side 
nerve coaptations were performed; in dual neuro ms-TRAM 24 end-to-side neur-
orrhaphies were made in axillary nerves and 6 of them to medial intercostal nerves 
at the site of vascular pedicle in the flap. The nerve coaptation was covered with a 
commercial nerve conduit, a NeuraGen tubeTM (Integra LifeSciences Corporation, 
New Jersey, USA) in order to protect the coaptation and to prevent erroneous neural 
sprouting and neuroma formation.
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Figure 3: The preoperative plan of the microneurovascular ms TRAM flap with dual 
neurorrhphy. The Th III medial intercostal and axillary intercostobrachial nerves in-
dicate the recipient nerves of the chest, and Th XI and Th XII indicate the donor inter-
costal nerves of the flap.
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Sensory recovery was assessed after two-year follow-up in all patients, and in the 
prospective study group also one year after the operation. A patient questionnaire 
was carried out. At 2-year control time for sensory testing, qualitative clinical ex-
amination as well as quantitative sensory tests (QST), electrophysiological soma-
tosensory evoked potential (SEP) recordings and skin biopsies for the determina-
tion of epithelial nerve density (ENFD) and the number of free subepithelial nerve 
endings (SENFD) were performed.

Statistical analyses were conducted using the Statistical Package for the Social 
Sciences SPSS® Base versions 14-20 (SPSS, Inc. ILs, USA) and NCSS 8 (Hintze 
J. 2012. NCSS 8. NCSS, LLC. Laysville, Utah, USA. www.ness.com).

In Studies I-III, a combined normative scoring of the results in different sensory 
tests, clinical qualitative and QST, was performed in order to compare the sensitiv-
ity of different methods. 

The score values were determined on the basis of the reference values of healthy con-
trol breasts. One point was given for each test value, which was within the highest or 
lowest values of the healthy breast. With clinical vibration and sharp-blunt discrimi-
nation the 80 % (8/10) of identified tests gave 1 point, below of it 0 point. In thermal 
detection also 0.5 points was given, if the result value was above or below the normal 
valuation, but thermal sensation was still recognizable, and 0 point in case of no per-
ception (>20 0C). In tactile detection the normality of sensation assessed under 6.8 g/
mm2 (Semmes-Weinstein filaments < 8), 0.5 points within 7.3-39.1 g/mm2, (filaments 
9-14), and 0.25 points within 57.8-137.3 (filaments 15-19), and 0 points over 137.8 g/
mm2 (filaments over 19), and was regarded as no perception.

The sensory test sites of the breast were divided in five zones: upper lateral (1), 
lower lateral (2), lower medial (3), upper medial (4) and central nipple area (5) of 
the reconstructed breast (I, III), and in abdominal skin for four zones: above (1) and 
below (3) umbilicus, right lateral (2) and left lateral (4) (II). Two-point discrimi-
nation was measured from lateral and medial side of the breast and abdomen (at 
umbilical level).

Sensory scores were given for each sensory test at each test site, and their sums were 
used as total sensory scores (TSC, possible range 0-33). All data were presented as means 
+ SD, or as medians with interquartile ranges as appropriate.
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In Study IV, the normal values (reference values) for all tests were established for 
the healthy skin, and the results of different tests were compared with these, as well 
as with each other. In addition, the numerical recorded results for each test were 
used in group comparisons. The relationship between the test results and the pa-
tients’ subjective sensations were determined using Spearman’s rank correlations at 
2-year control. The diagnostic values of different tests were calculated by assessing 
the test results against the gold standard of intraoperative total nerve cut in the flap 
and against the patients’ subjective reports on sensory changes in their reconstruct-
ed breast at 2-year control time. 

The test sites of the study IV differed from previous works so that mamilla-area 
was excluded from this study. So there were four zones both in mastectomized 
chest skin and reconstructed breast in the same order as before, but without the 
zone 5. It enabled direct comparison of the sensibility between mastectomized 

Table 4: The neurorrhaphy method and the timing of breast reconstruction with a free 
muscle-sparing transversal abdominal myocutaneous flap (ms-TRAM flap) in different 
patient group.
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chest skin before breast reconstruction and the reconstructed breast 1 and 2 years after.

Two-sample t-tests, the Mann-Whitney U test and the Wilcoxon signed-rank test 
were used for group comparisons as appropriate. Nonparametric tests were used for 
variables with a non-normal distribution. Values of p< 0.05 were considered to be 
statistically significant.
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Study I
In our pilot work (I), innervated ms-TRAM flap reconstruction (p=0.009) resulted in 
better sensory recovery in the reconstructed breast after two-year follow-up than the 
standard procedure without neurorrhaphy. Because of the retrospectivity of the study, the 
follow-up time for the standard ms-TRAM breasts was longer (54 months, range 27-77) 
than for the neuro ms-TRAM breasts (32 months, range 23-43). In all other respects, the 
two patient groups were similar.

In conjunction with their mastectomy, 78% of the patients also underwent axillary evac-
uation. As adjuvant treatment after the breast cancer surgery, 48% of the patients had 
radiotherapy and 35% had chemotherapy before breast reconstruction. Radiotherapy 
reduced sensory recovery (p=0.012) in breasts reconstructed with an innervated flap, 
whereas axillary evacuation resulted in poorer sensory recovery in the whole group of 
reconstruction patients (p=0.016) (I).

When comparing the different recipient nerves that were used for the innervation of the 
ms-TRAM flap, i.e. thoracodorsal nerves (6 patients), intercostobrachial nerves (5 pa-
tients), and branches of lateral intercostal (6 patients) nerves, as well as two other cases 
with dual neurorrhaphy on one side of the flap, we could not find any differences in the 
sensory recovery in the neuro ms-TRAM breasts (I).

When comparing the different donor nerves of the ms-TRAM flap – the 12th lowest 
intercostal nerve (5 patients), the 11th (the second lowest) intercostal nerve (9 patients), 
and the two nerves on one side of the ms-TRAM flap (4 patients), one following the 
epigastric inferior pedicle and the other intermittent one with no name – there were no 
statistical differences in the sensory recovery of the neuro ms-TRAM breast (I).

Neurorrhaphy with end-to-end (7 patients) or end-to-side (9 patients) nerve coaptation, 
or with a combination of the two methods (3 patients), did not make any difference in 
the sensory recovery of the ms-TRAM breast (details of the coaptation method for one 
patient are missing) (I).

Thus all selected recipient nerves in the axillary area and donor nerves of the flap, as 
well as both nerve coaptation methods, resulted in similar sensory recovery in neuro ms-
TRAM breasts in this study. However, the patient groups of this study were small, so the 
results remain only preliminary (I).
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In the comparison of delayed and immediate breast reconstruction, no differences in the 
sensory recovery of ms-TRAM breasts were detected (I).

The operation time in neuro ms-TRAM flap breast reconstruction (7 h 23 min) was 15 
minutes longer than in standard ms-TRAM reconstruction (7 h 8min). The flap ischemia 
time in both groups was about 50 minutes (range 22-115). The weight of the reconstruct-
ed ms-TRAM breast was on average 611 g (range 215-1115) (I).

According to the patient questionnaire, 35 out of 40 patients felt that the reconstructed 
breast was a natural part of their body. 32% of all patients (6 in neuro ms-TRAM and 
7 in standard TRAM group) reported slight hyperesthesia in their reconstructed breast 
but none of the patients suffered from it (I). 20% of all patients (1 in neuro ms-TRAM 
and 6 in standard TRAM group) reported pain symptoms in their reconstructed breast 
under heavy physical strain. However, overall patient satisfaction was high, on average 
9.1 (range 7-10). The surgical technique did not have an effect on patient satisfaction (I). 

In the patient questionnaire of all 96 breast-reconstructed breast cancer patients, 83/96 
patients (86%) felt that the reconstructed breast was a natural part of their body, 81/96 
patients (84%) informed that the reconstructed breast feels and 42/96 patients (44%) 
could identify warm and cold in it. However, there was numbness in some part of their 
reconstructed breast in 54/96 patients (56%), 21/96 patients (22%) did not feel any 
numbness. Occasionally there were hypersensitivity in 28/96 patients (29%) and occa-
sional pain in their reconstructed breast during physical stress in 16/96 patients (17%).
The patient satisfaction in all 96 patients was on average 8.98 + 1.2 (I-IV).

Study II
The innervation of the ms-TRAM flap in breast reconstruction, using either the single 
(20) or dual (20) neurorrhaphy method, did not cause more problems or result in more 
reduced sensation in the abdominal skin than the non-innervated ms-TRAM procedure 
(20) during the two-year follow-up period (II).

Sensory disturbance in the abdominal skin below the umbilicus was evident with all 
methods in 90% of all patients, only 10% of the patients (6 patients) had normal sensation 
in the abdominal skin according to all tests two years after the neuro ms-TRAM breast 
reconstruction. However, only half (31/60) of the patients reported numbness in their 
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abdominal skin below the umbilicus in the patient questionnaire. Patients did not complain 
about complete sensory loss in any other part of the abdominal skin either, and only 10% 
felt numbness in some other part of the abdominal skin than below the umbilicus (II).

In clinical qualitative and QST results the significant sensation disturbance came out below 
umbilicus in all surgical techniques in 90%, and only 50% of patients felt it. So the patients 
had already adapted to the numbness in the two-year follow-up. That confirms that 
our diagnostic is accurate and sensitive to find out nerve dysfunction even in late stage (II).

Sensitivity of the abdominal skin was better after single neurorrhaphy only on the left side of 
the umbilicus compared with dual neurorrhaphy. However, regarding overall sensory recovery 
of the abdominal skin there was not any difference between the neurorrhaphy techniques when 
compared with non-innervated ms-TRAM flap reconstruction or healthy abdominal skin (II).

Fifteen percent (9/60) of all patients reported slight occasional pain in the abdomen, and 
thirteen percent (8/60) had occasional hypersensitivity to touch around the umbilicus 
and the scar two years after their breast reconstruction surgery. Pain symptoms were 
reported by one patient (1/20) in the dual neurorrhaphy group, by 3 patients (3/20) in the 
single neurorrhaphy group and by 5 patients (5/20) in the standard group without neur-
orrhaphy. Older patients had poorer sensory recovery (p=0.007) though this did not have 
an effect on the results (in the analysis of covariance) (II). 

Thinking of all the 96 breast reconstructed women in this work, 42/96 (42%) felt some 
numbness in their abdominal skin around the scars, from where the TRAM flap was tak-
en, 17/96 (18%) felt occasional hypersensitivity, and 11/96 pain symptoms (11%). These 
results are in line with the results of the second study (I-IV).

Mesh graft to support the abdominal parietes was used on eight percent (5/60) of the 
patients. Neither the mesh graft nor the weight of the ms-TRAM flap seemed to decrease 
postoperative abdominal skin sensitivity (II).
  

Study III
In the study III, the sensory outcomes were assessed in total sensory scores (TSC), which was 
the sum of different scores given for each test at each test site, as described before (page 47).
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Sensitivity of the breast reconstructed with an innervated TRAM flap using the novel dual 
neurorrhaphy technique was 25% better in terms of the total sensory scores (p=0.037) 
than that of the TRAM flap breast innervated by single neurorrhaphy after a two-year 
follow-up. The scores for different sensory modalities in the entire patient population 
(total of 70 innervated breast reconstruction patients; 41 with dual and 29 with single 
neurorrhaphy) indicated that tactile detection scores (p=0.005) and cool detection scores 
(p=0.021) were also better in the dual neurorrhaphy group after a two-year follow-up. 
Both neurorrhaphy techniques resulted in the recovery of sensation in all zones of the recon-
structed breast. There were no significant differences between the different sensory modalities 
tested in the various zones of the breast, with the exception of the recovery of tactile detection 
scores, which were better (p=0.004-0.047) in all other zones of the breasts innervated by dual 
neurorrhaphy except the upper medial quarter. Warm detection scores (p=0.050) were also 
better in the lower medial zones of the reconstructed breasts with dual neurorrhaphy (III). 

When comparing sensory recovery between the patient groups who underwent imme-
diate ms-TRAM breast reconstruction after cancer surgery (14 patients) and who had 
delayed breast reconstruction (56 patients), the only difference was in normative cool 
detection score (p=0.038) to the advantage of reconstruction with dual neurorrhaphy. 
When the possibility that the spared skin in the patient’s chest area in immediate breast 
reconstruction might skew the results of sensory testing was eliminated and only pa-
tients who underwent delayed breast reconstruction either with dual (35) or single (21) 
neurorrhaphy were included in the comparison of sensory recovery two years after the 
surgery, ms-TRAM breasts with dual neurorrhaphy proved to be clearly better as regards 
normative tactile detection scores (p=0.014), sharp-blunt discrimination (p=0.021) and 
vibration discrimination at 32 Hz (p=0.018). While dual neurorrhaphy also tended to re-
sult in better cool detection, the result was statistically insignificant (III).

The age of the breast reconstruction patients was on average 50 (+8). Before the recon-
struction surgery, approximately half of the patients (34/70) had had radiotherapy and 
slightly over half of them (40/70) had received chemotherapy as adjuvant therapy for 
breast cancer. Breast reconstruction was performed on the patients on average a little 
over three years after the cancer surgery (mastectomy). Breast reconstructions with single 
neurorrhaphy were mainly performed at the early stages of the series of study and the 
patients’ average waiting time for breast reconstruction after breast cancer surgery was 
considerably longer (almost five years) than the waiting time (approximately two years) 
of the patients who underwent breast reconstruction with dual neurorrhaphy in the pro-
spective series of study. This allowed extra time for the sensory recovery of the mastect-
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omized chest area before the breast reconstruction surgery with single neurorrhaphy (III).
In the TRAM flap procedure with the single neurorrhaphy technique, blood supply to 
the flap was mainly re-established via a recipient thoracodorsal vascular pedicle in the 
axilla. With the dual neurorrhaphy technique, an internal mammary vascular pedicle, 
running medially in the chest under the ribs, was used as the recipient vessel. Otherwise 
the two neurorrhaphy groups were identical (III).

The average weight of the reconstructed breast was 600 g (+210). The average duration 
of the breast reconstruction surgery was 7½ hours (+1). The flap ischemia time was on 
average 53 minutes (+16) (III).

Overall satisfaction with the breast reconstructed with a neuro ms-TRAM flap as assessed 
by the patients themselves two years after the reconstruction surgery on a scale from 1 to 
10 was excellent (mean 9.5/9.0), regardless of the neurorrhaphy technique (III).

Study IV
In this study IV, the sensory outcomes were assessed in normative values of each test, not 
in scoring as in the study III (page 44).

The mastectomy and postoperative radiation as a breast cancer care had already caused 
a sensory nerve injury for the chest skin before breast reconstruction (I, IV; Table 3). 

In the comparison for breast skin between the mastectomized (44) and healthy contralat-
eral breasts (36) of breast cancer patients, the sensory disturbance was obvious in small 
fibre function (A-δ, and C-fibres) diagnosed by QST-tests before breast reconstruction; 
warm detection threshold (e.g. the identified temperature change on average) was 4.5°C 
higher in mastectomized skin than in healthy skin (5.86 + 1.8) °C  (p<0.0001), cool de-
tection treshold was nearly 3°C higher in mastectomized skin than in healthy skin (5.71 
+ 2.0) °C (p=0.0006). Clinical sharp-blunt discrimination test could not find this differ-
ence, both patient groups identified over 80 (+ 1 %) of the sharp-blunt tests.
Also tactile detection threshold presenting large fibre function (A-β) was 7.94 (+ 10.9 g/mm2) 
higher in mastectomized skin than in healthy breast skin (3.04 + 0.9) g/mm2 , (p<0.0001) 
diagnosed by QST. Results of other tests describing large fibre function, diagnosed with clin-
ical examinations, like vibration discrimination for 32 Hz and 256 Hz and 2-point discrimi-
nation were the same in both patient groups. Objective SEP recordings and skin samples for 
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ENFD and SENFD were not performed from the mastectomized chest skin (I; Table 3, IV).
The sensory nerve injury in breast reconstructed with a neuro ms-TRAM flap (28) was de-
tected with all applied clinical and quantitative sensory tests as well as by neurodiagnostic 
skin samples one year after the reconstruction surgery. All of these tests (except amplitude 
N1P1 of SEP recordings) were effective in identifying the nerve injury at this stage. The 
latencies of SEP were also significantly prolonged and the SEP amplitude P1N2 was 
significantly lower at the one-year follow-up. However, since the group mean of SEP la-
tencies and amplitudes remained within the normal reference ranges of the healthy breast, 
and because it was not performed at baseline and was done only to 20 patients, it could 
not be used to demonstrate sensory changes between baseline and 1 year (IV; Figure 5).

By the two-year follow-up, the sensation of the neuro ms-TRAM breast (56) improved in 
terms of all clinical test and QST variables when compared with the test results at the one-
year follow-up. However, only vibration discrimination (A-β) at 32 Hz (p=0.005) returned 
to the baseline level. The QST-result of tactile detection (42.98 g/mm2) proved also large 
fibre regeneration in two years (p=0.003) even though it did not return to baseline level. 
Sensory regeneration came out in small fibre function with QST results in two years, too, 
warm detection was 16.5 (+ 2.4°C) (p=0.003), which was 10.7°C higher than baseline 
level; and cool detection was 16.6 (+ 3.1°C), (p<0.0001), which was 10.9°C above the 
baseline level. The clinical sharp-blunt discrimination test revealed small fibre sensory 
regeneration with the result 43% identified tests (p<0.001) comparing with one year result 
(22 %). The results of clinical two-point discrimination and vibration at 256 Hz did not al-
ter between one to two years. SEP did not change by the two-year follow-up but remained 
at the level they were one year after the reconstruction surgery. The results of skin biopsies 
behaved in the same way. The values at the two-year follow-up remained at the level of the 
one-year follow-up and in fact, there was further decrease in the ENFD values. 
Thus QST and some clinical qualitative tests were best capable of measuring nerve re-
generation ability, whereas neurodiagnostic skin biopsies and somatosensory evoked 
potentials could not assist in this in the present study, which may be due to the small 
number of patients in these tests (IV; Figure 5).

Comparing all test methods to the patient questionnaire at two years after breast reconstruc-
tion surgery, the tactile and thermal QST and clinical qualitative sharp-blunt discrimination 
proved best, and their sensitivity were high. Vibration test 256 Hz was moderately sensitive, 
but its specificity was low. While the vibration 32 Hz showed very good regeneration of A-β 
fibres within two years, and its specificity was high, it had poor sensitivity, and the number of 
false negative values was 63%. ENFD test measuring the regeneration of small nerve fibres 
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had high specificity, but poor sensitivity, the number of false negative values was even 92%. 
When comparing all test methods to intraoperative nerve injury and its recovery, clinical qualita-
tive sharp-blunt discrimination and QST tests were best to find sensory regeneration. Their sen-
sitivity was very high. Vibration 256 Hz was moderate, and vibration 32 was poor in sensitivity. 
Also objective SEP-recordings and morphometric ENFD and SENFD tests in skin samples were 
insensitive, and they could not find the sensory recovery at two year stage (IV; Table 3A, 3B). 

There was a correlation between the regeneration of different sensory fibres (A-β, A-δ 
and C fibres). Good results in vibration discrimination and sharp-blunt discrimination 
tests were associated with the patient’s subjective experience of having at least some 
sensation in the reconstructed breast. Thermal and pain sensations are mediated by A-δ 
and C fibres. Occasional pain symptoms in the breast experienced by the patient corre-
lated with better warm detection in thermal QST. Shorter latencies of the objective SEP 
recordings correlated with better vibration discrimination. Both of these tests measure the 
sensory function of A-β fibres. The SEP amplitudes were also higher with those patients, 
who were able to differentiate between warming and cooling sensations (IV, Table 4).

In Study IV, we also compared the sensibility of the breast reconstructed with an inner-
vated TRAM flap with the sensory recovery of the breast reconstructed with a conven-
tional non-innervated TRAM flap after a two-year follow-up. In Study III we proved 
with normative sensory scores that neurorrhaphy performed at two sides of the TRAM 
flap using two nerve pedicles (dual neurorrhaphy) resulted in better sensory recovery 
in the neuro ms-TRAM breast than single neurorrhaphy performed at one side of the 
flap. It became clearly obvious at various stages of our study that reliable assessment 
of nerve regeneration in the ms-TRAM breast should be performed on the skin of the 
abdominal flap forming the breast mound and not, for example, on the spared skin of the 
mastectomized breast. Consequently, in study IV, only delayed breast reconstructions 
with dual neurorrhaphy (N=38) were included in the group of innervated ms-TRAM 
breast reconstructions, which were then compared with the non-innervated ms-TRAM 
reconstructions (N=20) that had been performed at the early stages of the study.
The outcome was congruent with that of our pilot study on innervated TRAM flap re-
construction using one nerve pedicle and indicated that innervated TRAM flap recon-
struction using two nerve pedicles results in clearly better sensation in the reconstructed 
breast than non-innervated TRAM flap reconstruction as shown by the following senso-
ry tests two years after surgery: vibration discrimination at 32 Hz (p<0.0001), vibration 
discrimination at 256 Hz (p=0.001), tactile detection (p=0.046), latency N1 (p=0.036), 
amplitude N1-P1 (p=0.014) and SENFD (p=0.012) as indicators of A-β fibre function.  
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None of the small fibre function tests could confirm the superiority of innervated against 
non-innervated ms-TRAM breast in skin sensation (IV). 

The results are in line with the total sensory scores (TSCs) that were calculated earlier, and 
thus TSCs can also be regarded as a reliable tool in the comparison of sensory outcomes.
 
Innervation of the reconstructed breast improved the function of large myelinated fibres and 
enhanced tactile and vibration sense of the skin of the reconstructed breast within two years. 
There were not any significant differences in the recovery of A-δ and C fibre functions be-
tween the innervated and non-innervated flaps. Thus, innervation did not improve the warm 
and cold detection, or sharp-blunt discrimination of the reconstructed breast.

Figure 5: Non-innervated immediate ms-
TRAM reconstruction within mastectomy 
in left breast. Abdominal skin is visible 
only in a tatuated nipple.

Figure 4: The late result 
of an innervated 
delayed ms-TRAM
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The necessity of innervating microvascular free flaps in breast reconstruction has 
been debated for almost twenty years (Place M.J. et al., 1997; Shaw W.W. et al., 
1997; Santanelli F. et al., 2011; Tindholdt T.T. et al., 2008). However, extensive 
studies on the innervation of the free flap with neurorrhaphy in breast reconstruc-
tion have not been previously conducted (Shridharani S.M. et al., 2010; Moloney 
N.A. et al., 2012; Sinis N. et al., 2012).

In the present study, we proved by extensive and detailed clinical and quantitative 
sensory tests, by neurophysiological and neuropathological methods, and by patient 
questionnaires in a fairly large number of patients that innervation of the ms-TRAM 
flap with dual neurorrhaphy, using two nerve pedicles, results in better sensory 
recovery in the reconstructed breast during a two-year follow-up than innervation 
with single neurorrhaphy, or reconstruction without nerve repair. Both techniques 
(single and dual neurorrhaphy) used for the innervation of the ms-TRAM flap re-
sulted in better sensitivity of the reconstructed breast than reconstruction with a 
non-innervated flap (I, III, IV).

However, a closer analysis of the results revealed that reinnervation took place 
within the two-year follow-up in large, fast-conducting nerve fibres (A-β fibres), 
thus improving the tactile sense, whereas reinnervation was poorer for small nerve 
fibres (A-δ and C fibres), which mediate thermal and pain sensations (IV). 

There are other studies on sensory tests performed on the innervated flap also indicat-
ing that the recovery of thermal discrimination is poor. According to Mori et al. (2011), 
the thermal sensitivity of the breast reconstructed with an innervated pedicled TRAM 
flap recovered within a little over a year after the reconstruction surgery to a level that 
corresponded to about a third of the thermal sensitivity of the healthy breast, which is 
congruent with our results on the ms-TRAM flap breast (I, III, IV).

Blondeel et al. (1999) reported that a little less than two years after surgery, when 
tested with Semmes-Weinstein monofilaments, 75% of the patients who had re-
ceived an innervated DIEP flap and 31% of the patients with a non-innervated 
DIEP flap had tactile sensation in the entire breast area, whereas only 14% of the 
patients in the innervated and none (0%) of the patients in the non-innervated DIEP 
flap group had thermal sensation in their reconstructed breast.  Both Temple (2006) 
and Yap (2006) informed also the thermal discrimination recovery with their inner-
vated free TRAM flap studies. Both of them, as well as Blondeel, used metal rods 
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to measure thermal discrimination, where the answer is only yes or no, not quanti-
tative thermal detection, so it was not possible to accurately compare their results 
with this study. Compared with other studies, Yap’s patients had better thermal dis-
crimination ability. In Yap’s delayed reconstruction group, 71% of the patients were 
able to discriminate between warm and cold stimuli in their innervated ms-TRAM 
breast, and the remaining 29% were able to detect either warm or cold.

In Yap’s study, the length of the follow-up of sensory recovery in breast reconstruc-
tion with an innervated ms-TRAM flap was more than three years, which is longer 
than in most other studies. This suggests that a two-year follow-up period, as we 
had, is not long enough for the recovery of thermal sensory function to become 
apparent after nerve damage.

The notion of too short follow-up is also supported by the results of the skin biopsies 
in our study IV. The density of free subepithelial nerve fibres (SENFD) was higher in 
our innervated reconstruction group that had the best overall sensation (the group with 
neuro ms-TRAM flap reconstruction with dual neurorrhaphy), whereas there was not 
any difference in ENFD between the innervated and non-innervated groups. Therefore, 
it is possible that the completion of axonal nerve regeneration takes longer than two 
years in the receptors in the epidermis. In contrast, even though the follow-up of our 
non-innervated ms-TRAM reconstruction group was longer – on average 54 months 
(range 27-77 months) – the spontaneous thermal discrimination of the reconstructed 
breast was only 30% of the thermal discrimination of the healthy breast. It is likely 
that collateral innervation can only restore protective thermal sensation, whereas by 
further developing the neurorrhaphy technique and the technique for dissecting the 
flap and the chest area, it would be possible to reconstruct a breast with almost normal 
sensation on an increasing number of patients.

In the present study (IV), the diagnostic value of the skin biopsies taken from the 
healthy abdominal skin (44 biopsies) was reduced by their wide reference range on 
the skin of the ms-TRAM flap already before the reconstruction surgery. Boyd et 
al. (1994) suggested that the recovery of sensation in an innervated flap depends on 
the number of sensory receptors in the skin of the flap as well as on the representa-
tion of that skin area in the cerebral cortex, where sensory re-learning takes place. 
It seems that while quantification of nerve fibres from skin biopsies is useful in the 
diagnostics of nerve damage, it is not very useful in the area of body skin for diag-
nostics, neither for detection of sensory recovery. 
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Somatosensory evoked potential (SEP) recording is an objective method of assess-
ing the sensory function of A-β nerve fibres. In our study, the innervated ms-TRAM 
breast had a shorter cortical latency (N1) and a higher amplitude (N1P1) than the 
non-innervated ms-TRAM breast, indicating better recovery of A-β fibres after 
nerve reconstruction. The mean SEP latencies and amplitudes of the innervated 
ms-TRAM breast had returned to the normal reference range on the group level 
already a year after the reconstruction surgery and remained then unchanged by 
the two-year follow-up (IV). This probably indicates that the nerve coaptation was 
successful as cortical SEP responses can even be evoked with a few functioning 
peripheral afferent fibres (Carter J.L., Stevens J.C., 2009). Unfortunately, no SEP 
recording was performed on the ms-TRAM breast before nor immediately after the 
reconstruction surgery, and the total number of patients undergoing this test was 
small (N=27 in 1-year control, N=32 in 2-year control, N=27 healthy controls).

Blondeel et al. (1999) are the only ones who have previously used SEP to show 
sensory function after breast reconstruction with innervated free flap (DIEP and 
TRAM). They obtained significantly better values of cortical N1 and P1 latencies 
in innervated reconstructions than in non-innervated reconstructions, which corre-
spond to the results of our study. However, they reported no difference in the SEP 
amplitudes between the innervated and non-innervated groups. They concluded that 
the SEP findings in their study indicated that an all-or-nothing phenomenon prob-
ably takes place. It seems that SEP can be used in the follow-up of the recovery of 
total nerve damage, but it may be less sensitive (in our material 50 %) to diagnostic 
purposes at one year after breast surgery.                                                       

Mori et al. (2011) have come to the conclusion that there is no benefit in innervating a 
free flap for immediate breast reconstruction after skin-sparing mastectomy, which is 
in line with our results. Yap and colleagues (2005) showed that in an innervated ms-
TRAM breast reconstruction the flap skin was more sensitive to fine touch and thermal 
discrimination than the spared skin after immediate reconstruction in both the inner-
vated and non-innervated group. In our study (I, III), when comparing the sensation of 
the innervated ms-TRAM flap breast reconstructed in a delayed fashion with the skin 
sensation after skin-sparing mastectomy, only cool detection score was better in the 
skin of the innervated ms-TRAM flap breast than in the spared skin of the patient’s 
mastectomized breast (III). According to other authors (Mori et al 2011), conventional 
mastectomy followed by pedicled TRAM flap reconstruction resulted in significantly 
better hot and cold sensitivity of the skin than nipple-sparing mastectomy followed by 
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reconstruction without neurorrhaphy. The qualitative thermal discrimination test with 
metal probes was used in that study. 
           
In general, the sensitivity of the spared skin in immediate breast reconstruction, 
whether innervated or non-innervated, is quite poor, although the skin-sparing tech-
nique offers the best possible aesthetic outcome. It may, however, be possible to 
improve the skin sensitivity after skin-sparing mastectomy by being more aware of 
the subcutaneous neural anatomy at the edges of the breast skin, by developing the 
dissection technique with all tissues to be more gentle, by sparing the cutaneous 
nerves in the breast skin whenever possible, and by avoiding the stretching of the 
dissected breast skin as far as possible during the breast reconstruction procedure.

Which reconstruction technique could provide the breast cancer patient the breast 
that has the best possible sensation? It is difficult to compare the results of different 
studies because they do not, as a rule, differentiate between the sensation of the 
spared skin of the mastectomized breast and that of the flap in immediate breast 
reconstruction. Furthermore, in the light of the present results (IV), the methods to 
test sensory function have very different diagnostic accuracy, for example, none of 
the previous studies of breast skin sensation has used thermal QST, and in clini-
cal qualitative tests subjective report by the patients are not very reliable. In most 
studies the numbers of patients are rather small, the follow-up times vary and the 
reported results are not readily comparable.

In line with the present results, studies on innervated breast reconstructions have 
reported that in almost all cases innervated reconstruction resulted in better sensory 
recovery in the breast than non-innervated reconstruction (I, III, IV). 

In the light of the literature, Yap et al. (2005) and our results, the innervated ms-
TRAM flap technique results in the best skin sensation in the reconstructed breast 
after longer follow-up. On the basis of cadaver dissections (Yap L.H. et al., 2005), 
it seems that more than one neurosome (perforator) included in the flap increases 
the area of sensory recovery in the reconstructed breast. Even though the neurotrop-
ic and neurotrophic mechanisms of neurosomes are still unclear, the activation of 
several central axons could in theory enhance the activation of collateral sprouting 
(Yap L.H. et al., 2005; Boyd B. et al., 1994). Based on this notion and the results 
of our own studies, we suggest that two nerve pedicles should be favoured in ms-
TRAM flaps harvested for breast reconstruction.
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When dissecting the DIEP flap, the blood supply to the flap is provided from below 
the umbilicus via the largest medial or the second largest lateral perforator vessel. 
The 10th to 12th intercostal nerves included in the flap usually follow the course 
of the lateral perforator vessels. The lateral perforator usually passes through the 
tendinous intersection, and thus the continuity of the muscle can be preserved even 
though the portion of the muscle between the medial and lateral perforators is split 
horizontally. It is advisable, when harvesting the microneurovascular ms-TRAM 
flap, that the part of the rectus muscle between the perforators is included in the 
flap in order to keep the nerve branches of both perforators intact (Tansatit T. et al., 
2006; Yap L.H. et al., 2002). Based on the cadaver studies and our results, we prefer 
innervated muscle-sparing TRAM before DIEP for breast reconstruction in order to 
ensure as many nerve branches as possible to the reconstructed breast, which enable 
the sensory return after nerve coaptation.

It has also been pointed out that the level of sensory recovery in microsurgical breast 
reconstruction may be more dependent on the extent of the inclusion of perforator 
neurosomes at the time of harvest than on the type of the flap (Yap L.H. et al., 2005). 
This supports also the superiority of the innervated ms-TRAM compared to the DIEP.

Nerve coaptation in most microneurovascular breast reconstructions is performed 
with the end-to-end technique. In our study (I, II, III, IV), end-to-side nerve coap-
tation in 30/76 (39%) patients was adopted partly for the reason of not cutting any 
healthy nerves in the chest area, where the nerves and skin sensitivity had already 
suffered from mastectomy and radiation (Bontioti E. et al., 2005, 2006, Lundborg et 
al., 1994; Papalia I. et al., 2007; Tos P. et al., 2004). According to our study (I, III), 
end-to-side neurorrhaphy can also result in normal sensation in the innervated ms-
TRAM flap breast and is therefore a feasible option if suitable free nerve branches 
are not available in the mastectomy area. At least the thoracodorsal nerve in the 
axilla is usually intact after breast cancer surgery and thus available for end-to-side 
neurorrhaphy. So, depending on the anatomy of the available nerves, either the end-
to-end or end-to-side technique could be chosen individually for each coaptation 
during the procedure (I, III, IV).

Classically, nerve coaptation in innervated breast reconstructions has been per-
formed with a single nerve coaptation. Based on the neurovascular anatomy, it 
would be optimal to include both the medial and lateral perforators in the microneu-
rovascular flap, as we did (III, IV) in order to increase the neurovascular area of the 
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flap (Tansatit T. et al., 2006). Here we developed an innovative dual neurorrhaphy 
technique with nerve coaptation on both sides of the ms-TRAM flap. In our studies 
(III, IV) involving dual nerve coaptation of the ms-TRAM flap it was possible to 
restore sensation to the reconstructed breast, corresponding to, on average, 60% of 
the sensitivity of the healthy breast.

Pain problems (10/75=13 %) were not major with the reinnervated free flaps (I, 
III, IV). Neither significant pain symptoms developed at the donor site of the free 
abdominal flap (6 %), suggesting that neuroma formation is minimal (II). Accord-
ing to our study, the dual innervated flap only causes a minor sensory deficit cen-
trally below the navel, and dissecting one or two nerves with the free abdominal 
flap results in no greater sensory deficit than the harvesting of the non-innervated 
abdominal flap (II) when using the muscle-sparing TRAM technique. There was 
very rarely a need for abdominal support with mesh grafts, or hernia problems ei-
ther after ms-TRAM procedure (I, II, III, IV). In breast reconstruction surgery, the 
nerves to be dissected with the innervated free abdominal flap are prepared gently 
and cut off sharply, and then connected immediately to the thoracic nerves, which 
may reduce neuroma formation.

In our study, the nerve coaptations were also covered with a NeuraGenTM tube 
(Integra LifeSciences Corporation, New Jersey, USA), which may reduce neuroma 
formation and enhance sensory regeneration to the right target sites (Archibald S.J. 
et al., 1987; Spiegel A.J., 2013). Archibald and colleagues (1987) have contribut-
ed to the development of the collagen nerve guide tube that is placed around the 
ends of the coapted nerves to prevent nerve sprouting into the surrounding tissue. 
Spiegel et al. (2013) performed breast reconstruction with an innervated DIEP flap 
in 35 patients, also using a commercial nerve conduit (Neuro Tube, Synovis, St 
Paul, Minn.) with the nerve coaptations. They proved that sensory recovery of the 
reconstructed DIEP breast, innervated using a nerve conduit, was better than that of 
the DIEP breast innervated without a nerve conduit. The majority of the patients in 
that study underwent immediate bilateral breast reconstruction.

The use of a nerve conduit makes the nerve coaptation easier and faster (Spiegel 
A.J. et al., 2013; Donoghoe N. et al., 2007), which is also our experience (I, III, IV). 
Using the nerve conduit, the increase in operative time in earlier studies has ranged 
from 8-15 minutes (Spiegel A.J. et al., 2013; Donoghoe N. et al., 2007), which are 
line with our results of mean 28 minutes.
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Novel methods of protecting the nerve coaptation are being developed. At the same 
time, attempts are being made to find growth factors to promote nerve regeneration 
across the nerve coaptation (Tannemaat M.R. et al. 2009). Growth factors can be in-
jected directly into the coaptation site during or after the reconstruction surgery. For 
example, recombinant adenovirus encoding nerve growth factor can be injected in-
travenously close to the neurorrhaphy site one week after surgery (Hu X. et al. 2010, 
Zacchigna S. et al. 2009). According to Liu and colleagues (2015), composite bioen-
gineered materials comprising an acellular nerve matrix and a synthetic biodegradable 
substance may provide a perfect scaffold for repairing peripheral nerve injuries and 
defects. In addition, seed cells and neurotrophic factors are necessary for successful 
nerve regeneration. Gene therapy also has great potential and is likely to become an 
important approach to clinical peripheral nerve repair (Hu X. et al., 2010). In the future, 
these will probably improve the results of innervated breast reconstruction surgeries.

With careful patient selection, ms-TRAM breast reconstruction is a very safe pro-
cedure. Amongst our patients operated on from 2005 onwards, the rate of flap loss 
was 2.2%, flap necrosis occurred very rarely (<3%) and was limited to a small area 
of the flap tissue, and cases requiring reoperation because of haematoma or vascu-
lar problems remained below 10%.

In the present study, we demonstrated for the first time, which sensory tests perform best 
at determining sensory damage in the reconstructed breast after surgery and at detecting 
nerve regeneration as a function of time. Among the various clinical sensory tests, the 
sharp-blunt discrimination test deserves to be mentioned as an easy test that provides a 
reliable assessment of the sensation in the breast skin. Tactile and thermal QST methods 
also proved to be well capable of evaluating both the sensory damage and the nerve 
regeneration. ENFD testing, performed on skin biopsy, has been regarded as the gold 
standard in the diagnosis of peripheral neuropathy (Lauria G. et al., 2010; Timar B. et 
al., 2016). However, the diagnostic value of ENFD proved to be poor in the present study 
on the abdominal and reconstructed breast skin. While ENFD testing could detect the 
sensory damage, its value in the follow-up of nerve regeneration was poor. The diagnos-
tic value of SEP recordings was also modest in the present preliminary study; however, 
they could be used in the follow-up of the recovery of nerve damage, and for detailed 
comparison of sensory outcomes between different surgical techniques. 

Breast cancer patients are, in general, extremely satisfied with their breasts reconstruct-
ed with a TRAM flap after mastectomy (Shaw W.W. et al., 1997) (I, III, IV). The re-
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paired asymmetry of the body and the soft, naturally-shaped breast replacing the tight, 
often unsightly mastectomy scar make the woman feel contented and confident straight 
after breast reconstruction. As a rule, the reconstructed breast does not have sensation 
at first. Sensory recovery begins gradually six months after the reconstruction surgery 
and continues for two to three years. An extensive three-stage patient questionnaire 
conducted in conjunction with the second part of Temple’s study indicated that the im-
proving sensation in the reconstructed breast also had a positive effect on the patients’ 
quality of life (Temple C.L. et al., 2009). Our results are similar to these earlier obser-
vations, but simultaneously warn about relying only on subjective patient reports when 
assessing sensory outcomes after different types of breast surgeries. Further studies are 
needed with larger patient samples.
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CONCLUSION
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Study I
Innervation of the ms-TRAM flap improves sensation in the reconstructed breast. Coap-
tation between any nerve available in the chest area and the intercostal nerve in the flap 
can restore normal sensation in the reconstructed breast regardless of the neurorrhaphy 
technique. Radiotherapy decreases sensation in the reconstructed breast.

Study II
Innervation of the ms-TRAM flap using one or two nerve pedicles (single or dual neur-
orrhaphy) does not cause any more problems in the abdominal flap donor site than breast 
reconstruction with a conventional non-innervated ms-TRAM flap. Sensory alterations 
appear in a small area below the umbilicus. Support from the patient’s abdominal mus-
cles can be preserved in the reconstruction surgery, making the neuro ms-TRAM flap 
method a safe procedure.

Study III
Innervation of the ms-TRAM flap using two nerve pedicles (dual neurorrhaphy) result-
ed in better return of sensation in the reconstructed breast than innervation with one 
nerve pedicle (single neurorrhaphy). The skin of ms-TRAM flap in delayed breast re-
construction reflects best sensory recovery of the transported skin, and in this patient 
group particularly tactile detection, vibration and sharp-blunt discrimination, thermal 
(warm + cool) detection scores and total sensory scores favoured dual neurorrhaphy in 
the two-year follow-up. 
Based on this study we recommend dual neurorrhaphy in delayed free abdominal flap 
breast reconstruction.

Study IV
Mastectomy had already caused the sensory injury for chest skin in large fibre function 
(A-beta), shown in tactile detection, and in small fibre function (A-delta, C) shown in 
warm and cool detection.
Improvement of sensory function takes place mainly in the large, myelinated A-β fibres. 
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Recovery of small A-δ and C fibres occurred to lesser extent according to thermal QST 
in the two-year follow-up. 

In this study the postoperative nerve injury was detected with all used tests. QST and 
sharp-blunt discrimination were the best tests to measure sensory regeneration, which 
we recommend for the use of sensitivity evaluation after breast reconstruction.

The two-point discrimination test, SEPs and ENFD testing all had wide reference rang-
es, which made them rather useless in the evaluation of sensory recovery. However, 
when comparing the results of the different surgical technique groups, SEPs (N1, N1P1) 
and SENFD testing could identify the better sensory recovery in the dual neurorrhaphy 
group with the best overall sensation.

Recovery of tactile sensation in the reconstructed breast skin is of great importance to 
the patient.
However, further research and development of the reconstruction technique is neces-
sary in order to improve the recovery of small fibre function (warm and cold detection) 
in the reconstructed breast.
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