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Abstract
Purpose  The functional implications of reconstructing the breast mound with a latissimus dorsi (LD) flap or placing an 
implant under the pectoralis major (PM) muscle is complicated by potential comorbidities from disinserting these muscles 
and adjuvant radiotherapy. We utilized novel robot-assisted measures of shoulder stiffness and strength to dissociate how 
breast reconstruction choice and inclusion of radiation therapy impact shoulder morbidity in post-mastectomy reconstruc-
tion patients.
Methods  Shoulder strength and stiffness were collected from 10 irradiated LD flap breast reconstruction patients, 14 two-
stage subpectoral implant reconstruction patients (subpectoral), and 10 irradiated deep inferior epigastric perforator (DIEP) 
flap patients an average of 659 days post-reconstruction. Univariate ANOVAs examined surgical group differences in strength 
and stiffness.
Results  There were main effects of surgical group on vertical adduction, vertical abduction, and internal rotation strength. 
The LD flap group was significantly weaker than the subpectoral group in all measures and significantly weaker than the 
DIEP group during vertical adduction. There was also a main effect of surgical group on vertical adduction stiffness, where 
the LD group exhibited significantly reduced stiffness while producing vertical adduction torque. No significant differences 
between the subpectoral and DIEP groups existed for any measure of shoulder strength or stiffness.
Conclusions  Disinsertion of the LD, not the disinsertion of the PM or radiotherapy, contributes to strength deficits following 
LD flap breast reconstructions. The combined disinsertion of the PM and LD compromises shoulder stability in the vertical 
plane. Shoulder function should be a focal point of the surgical decision-making process and postsurgical care.

Keywords  Postoperative complications · Shoulder stiffness · Latissimus dorsi · Implant reconstruction · Autologous 
reconstruction

Introduction

Increasing mastectomy rates have been driven in part by 
more breast cancer patients opting for bilateral mastectomy 
with reconstruction, with approximately 107,000 post-mas-
tectomy breast reconstruction surgeries performed in the 
USA annually [1]. Patients that undergo mastectomy with-
out reconstruction can experience psychosocial disturbances 
and problems with body image and sexuality [2]. A breast 
reconstruction procedure restores the form, appearance, and 
feel of the breast mound [3] and provides psychosocial and 
quality of life benefits [4]. Identifying the functional impli-
cations of mastectomy and breast reconstruction is needed to 
optimize the quality of life of breast reconstruction patients, 
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given the increasing survivorship with advances in early 
detection and therapy [5].

Various breast reconstruction procedures are available to 
mastectomy patients to restore the breast mound [6–8]. An 
immediate two-stage implant-based breast reconstruction 
accounts for ~ 60% of all post-mastectomy reconstructions 
[8]. This procedure disinserts the pectoralis major (PM) 
from the ribs and lower sternum to accommodate a subpec-
toral tissue expander and eventual implant. Because implant 
reconstructions have relatively high failure rates after radia-
tion therapy [9–11], the latissimus dorsi (LD) is used as 
a myocutaneous flap in combination with expanders and 
implants to restore the breast mound for post-mastectomy 
patients after radiation therapy [12]. This procedure fully 
disinserts the LD from the spine and transposes the flap to 
the chest for additional tissue coverage of an implant. The 
PM muscle can also be disinserted during LD breast recon-
struction for implant coverage with both muscle flaps. Alter-
natively, irradiated patients can be reconstructed with a deep 
inferior epigastric perforator (DIEP) flap. The DIEP flap rec-
reates the breast mound without an implant by transferring 
the abdominal tissue to the chest and using microsurgical 
anastomotic techniques to reestablish blood supply to the 
flap. A DIEP flap reconstruction requires minimal division 
of PM fibers over the 3rd or 4th rib near the sternum to 
access the internal mammary recipient vessels but does not 
include disinsertion of any shoulder muscles.

Disinsertion of the PM and/or LD can have long-term 
functional consequences for patients undergoing mastec-
tomy with breast reconstruction. These muscles are critical 
for maintaining healthy shoulder joint stability [13] and have 
similar functional demands, including shoulder adduction 
and internal rotation [12, 14–19]. The disinsertion of both 
muscles produces strength and mobility deficits in up to half 
of all LD flap patients [14, 15, 17, 20–28]. LD flap patients 
also self-report shoulder instability, even in the absence of 
strength or mobility deficits [21]. Since reduced stability 
negatively impacts quality of life [29–31], objective meas-
ures of shoulder stability following breast reconstruction 
can provide new insights to improved surgical decision-
making and postoperative care. Furthermore, the functional 
implications of the inclusion of post-mastectomy radiation 
therapy on the treated shoulder of reconstruction patients 
are unclear, as patients undergoing radiotherapy and mas-
tectomy can exhibit reduced mobility and strength [32, 33].

The objective of this study was to determine how breast 
reconstruction choice influences the long-term functional 
integrity of the shoulder joint using objective robot-assisted 
measures of shoulder joint stability (‘stiffness’) and strength. 
LD flap reconstruction patients were compared to subpec-
toral implant reconstruction patients and DIEP flap patients 
to control for the effects of additional release of the PM 
and radiation therapy, respectively. We hypothesized that 

LD flap patients would exhibit significantly reduced strength 
and active stiffness in vertical adduction when compared to 
both the two-stage implant and DIEP flap patients.

Materials and methods

Participants

A retrospective medical chart review from a single surgeon’s 
practice retrospectively identified 155 women eligible for 
this study, of which 34 women consented to participate in a 
single experimental session (Table 1). We examined women 
undergoing one of three post-mastectomy breast reconstruc-
tion procedures: subpectoral implant, LD flap, and DIEP 
flap. Fourteen patients underwent an immediate two-stage 
subpectoral implant with the PM muscle elevated during 
surgery, but did not require radiation therapy. Ten LD flap 
patients and 10 DIEP flap patients that required radiation 
therapy underwent delayed breast reconstruction in order 
to complete radiation therapy prior to their reconstructive 
surgery. The LD flap patients had an implant reconstruction 
where both the LD muscle and PM muscle were elevated 
during surgery. The DIEP flap patients had an autologous 
reconstruction that did not require any upper extremity mus-
cles to be elevated during surgery. A minimum of 12 months 
was required after completion of breast reconstruction before 
biomechanical assessments. The University of Michigan’s 
Institutional Review Board approved all study proce-
dures (HUM00114801), and participants provided written 
informed consent prior to data collection. Participants with 
previous neuromuscular or orthopedic disorders affecting 
the upper limb were excluded from the study.

Experimental setup

Participants were secured to an adjustable chair (Biodex 
Medical Systems, Shirley, New York) with torso movement 
restricted using a chest strap and cushioned plates positioned 
along the lower back and sides. A custom-made plastic 
cast extending from the hand to the shoulder attached the 
participant’s examined shoulder to a computer-controlled 
brushless servomotor (Baldor Electric Company, Fort Smith, 
AR) (Fig. 1). Within the cast, the elbow was fixed at 90° 
and the wrist was neutral. Movement of the scapula was not 
restricted. The center of rotation of the glenohumeral joint 
was aligned to the motor’s axis of rotation. Shoulder joint 
torques were measured using a six degrees-of-freedom load 
cell (JR3, Inc., Woodland, CA) attached between the crank 
arm of the motor and the cast. Our measurement coordinate 
system was defined using established biomechanical stand-
ards [34].
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Experimental protocol

Participants performed maximal voluntary contractions 
(MVC) in the positive and negative directions of each meas-
urement plane (vertical adduction/abduction; internal/exter-
nal rotation; horizontal flexion/extension) at the beginning 
of the experiment to measure and normalize the remaining 

trials to each participant’s strength. Participants were then 
examined in two separate shoulder planes of motion (verti-
cal adduction/abduction or horizontal flexion/extension) in 
a random order (Fig. 1). The shoulder remained in the same 
posture in all trials.

The stiffness of the shoulder joint was measured in each 
plane by measuring the resultant shoulder torque as the 
motor applied a series of small, stochastic perturbations with 
a pseudo-random binary sequence (0.06 rad amplitude and 
150 millisecond switching interval). Each perturbation trial 
lasted for 60 s, during which the participants were asked to 
remain relaxed (0% MVC) or to maintain a constant torque 
scaled to ± 10% MVC for the given direction. Participants 
used visual feedback to assist in maintaining the prescribed 
torque. One passive trial was included at the beginning of 
each motor configuration to acclimate the participants to the 
sensation of being perturbed. We repeated each perturbation 
testing condition for six total trials per motor configuration 
and then repeated these procedures for the remaining motor 
configuration. In total, each participant performed 14 per-
turbation trials.

Data and statistical analysis

Shoulder stiffness was estimated using system identifica-
tion [35, 36] using MATLAB (v2016a, Mathworks, Inc, 
Natick, MA, USA). For each trial, we first measured joint 
impedance by measuring the dynamic relationship between 

Table 1   Mean (standard error) participant demographics for each of the three experimental groups: latissimus dorsi flap (LD Flap), two-stage 
subpectoral implant (Subpectoral), and deep inferior epigastric perforator flap (DIEP Flap)

LD flap Subpectoral DIEP flap LD versus sub-
pectoral

LD versus DIEP

p p

Number of participants 10 14 10
Age (years) 53 (3.3) 49 (2.5) 51 (2.8) 0.310 0.607
Height (m) 1.62 (0.01) 1.64 (0.01) 1.65 (0.02) 0.221 0.201
Weight (kg) 75 (5.3) 71 (2.9) 84 (5.6) 0.534 0.236
BMI (kg/m2) 29 (1.9) 26 (1.1) 31 (2.2) 0.325 0.425
Days postoperative from reconstruction 670 (44) 588 (41) 788 (81) 0.186 0.224
Dominant/non-dominant limb 7/3 10/4 5/5
Radiation therapy (yes/no) 10/0 0/14 10/0
Chemotherapy (yes/no) 8/2 5/9 8/2
Axillary lymph node dissection (ALND) 3 0 4
Sentinel lymph node biopsy (SLNB) 4 12 4
ALND + SLNB 3 0 0
# of nodes removed
0 0 3 2
1–3 3 5 0
4–6 2 3 0
7+ 4 1 7

(A)

Single Axis 
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6 DOF 
Load Cell
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(B)

Fig. 1   Schematic of experimental setups. A single-axis rotary motor 
perturbed a participant’s examined shoulder in while a six-degree-of-
freedom load cell measured resultant torques in all three dimensions. 
Visual feedback was provided via LCD screen. a The rotary motor 
was positioned to move the arm in the vertical plane while partici-
pants were relaxed or generating shoulder torques in vertical adduc-
tion (downwards) or vertical abduction (upwards). b The rotary motor 
was positioned to move the arm in the horizontal plane while partici-
pants were relaxed or generating shoulder torques in horizontal flex-
ion (forward) or horizontal extension (backwards)
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imposed change in joint angle in a given plane and the 
resultant torque [37]. Joint impedance was quantified as a 
frequency response function from 0 to 10 Hz. A numerical 
optimization parameterized this frequency response function 
using a second-order linear system consisting of inertial (I), 
viscous (B), and stiffness (K) components [36]. The current 
study only reports the stiffness component as this is the most 
clinically relevant parameter for assessing the stability of the 
shoulder joint.

All statistical procedures were performed in SPSS (v24, 
IBM Corporation, Chicago, IL, USA). The datasets during 
and/or analyzed during the current study are available from 
the corresponding author on reasonable request. Differ-
ences in demographic measures (age, height, mass, BMI, 
days post-reconstruction surgery) between each experimen-
tal group (LD flap vs. subpectoral; LD flap vs. DIEP) were 
investigated using t tests. We tested our hypothesis that the 
LD flap group would exhibit reduced shoulder strength and 
stiffness in the vertical plane when compared to the subpec-
toral group and DIEP groups using univariate ANOVAs. 
Our outcome measures were strength in one of six direc-
tions (vertical adduction, vertical abduction, horizontal flex-
ion, horizontal extension, internal rotation, external rota-
tion) and stiffnesses in two different directions (vertical and 
horizontal) and three different activation conditions (at rest, 
adduction/flexion, and abduction/extension). Surgical group 
(subpectoral implant, LD flap or DIEP flap) was a fixed fac-
tor. Bonferroni-corrected multiple comparisons were used 
to analyze significant main effects. All analyses utilized a 
significance level of p < 0.05. Effect sizes (partial η2) were 
calculated to distinguish between small (0.010–0.059), mod-
erate (0.060-0.0139), and large (≥ 0.140) clinically relevant 
differences [38].

Results

Demographics

Patient demographics are shown in Table 1. There were no 
significant differences in age, height, weight, BMI, or days 
post-reconstruction between the LD flap group and either 
the subpectoral or the DIEP flap groups.

Shoulder strength

There was a significant main effect of surgical group on ver-
tical adduction (F2,33 = 6.326, p = 0.005, η2 = 0.28), vertical 
abduction (F2,33 = 4.047, p = 0.021, η2 = 0.20), and internal 
rotation strength (F2,33 = 4.316, p = 0.022, η2 = 0.21) (Fig. 2). 
Post hoc comparisons revealed that during vertical adduc-
tion, the LD flap group was 22.7% weaker than the subpec-
toral group (p = 0.009) and 23.5% weaker than the DIEP 

flap group (p = 0.014). Furthermore, the LD flap group was 
20.0% weaker than the subpectoral group (p = 0.044) dur-
ing vertical abduction. The LD flap group was also 19.2% 
weaker than the subpectoral group during internal rotation 
(p = 0.034). The subpectoral and DIEP flap groups did not 
differ (all p > 0.99). No significant differences were observed 
between the groups for horizontal flexion (F2,33 = 0.815, 
p = 0.451, η2 = 0.05), horizontal extension (F2,33 = 2.649, 
p = 0.086, η2 = 0.14), or external rotation (F2,33 = 0.691, 
p = 0.508, η2 = 0.04) strength.

Shoulder stiffness

There was a significant main effect of surgical group on 
shoulder stiffness as participants produced vertical adduc-
tion torque (F2,33 = 5.655, p = 0.008, η2 = 0.27) (Fig. 3). 
Post hoc analyses revealed that during this condition, the 
LD flap group exhibited 24.6% lower shoulder stiffness than 
the DIEP group (p = 0.01). Although the LD flap partici-
pants experienced a greater volume of muscle disinsertion 
than the subpectoral group, the groups were not significantly 
different while producing vertical adduction (p = 0.721) 
torque. No significant differences were observed between 
the groups when producing vertical abduction (F2,33 = 0.995, 
p = 0.381, η2 = 0.06), horizontal flexion (F2,33 = 0.597, 
p = 0.557, η2 = 0.04), or horizontal extension (F2,33 = 1.002, 
p = 0.379, η2 = 0.06) torques. All three experimental groups 
also exhibited similar shoulder stiffness at rest in the verti-
cal (F2,33 = 1.034, p = 0.367, η2 = 0.06) and horizontal planes 
(F2,33 = 0.096, p = 0.908, η2 = 0.01).
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Fig. 2   Mean shoulder strength across three reconstructive surgeries. 
Participants performed maximal isometric shoulder torques in the 
positive and negative directions in the vertical (vertical adduction, 
vertical abduction), horizontal (horizontal flexion, horizontal exten-
sion), and rotation planes (internal rotation, external rotation). Bars 
represent mean ± standard error for the maximal isometric shoulder 
strength (Nm) of each experimental group (LD latissimus dorsi flap; 
Subpectoral two-stage subpectoral implant, DIEP deep inferior epi-
gastric perforator flap). *Denotes significant difference between the 
LD and implant groups. †Denotes significant difference between the 
LD and DIEP groups
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Discussion

This study dissociated the effects of reconstruction choice 
and the inclusion of radiation therapy in women with 
breast cancer that undergo mastectomy and reconstruc-
tion. Our results provide the first objective evidence that 
LD flap reconstructions diminish shoulder stability. Irradi-
ated patients that have the PM disinserted during a LD flap 
reconstruction exhibited significantly reduced active shoul-
der stability in vertical adduction when compared to irradi-
ated DIEP flap patients who had no muscle disinsertion. Our 
results also indicate that the disinsertion of the LD and PM 
leads to greater overall shoulder strength deficits than the 
disinsertion of the PM alone during a standard two-stage 
breast reconstruction. Finally, the combined disinsertion 
of the LD and PM in irradiated patients reduces shoulder 
strength when compared to irradiated DIEP flap patients 
with no further muscle disinsertion. These results confirm 
that LD flap reconstruction patients experience worse long-
term shoulder morbidity than other breast reconstruction 
patients and that postsurgical interventions are needed to 
restore shoulder strength and stability in LD flap patients. 
Our results also suggest that the combined disinsertion of 
the PM and LD should be avoided when it is possible to 
complete the procedure utilizing the LD alone.

Objective measures of shoulder strength provide insights 
into the degree of impairment following LD flap reconstruc-
tion. Prior investigations of functional outcomes in LD flap 
reconstruction focus on the first 12 months post-recon-
struction, when the acute effects of the surgery are present 
[15, 17, 20, 22, 24, 26, 39]. Only three prior studies have 

directly measured shoulder strength greater than 6 months 
post-reconstruction. When compared to pre-surgical levels 
and the non-operated shoulder, shoulder vertical adduction, 
extension, and internal rotation strength remains reduced 
more than 4 years post-LD flap breast reconstruction [14, 
21]. When compared to healthy controls, LD flap patients 
suffer from reduced isometric shoulder adduction, extension, 
and internal rotation strength 3.5 years post-reconstruction 
and radiotherapy [40]. Our findings agree with previous 
reports that LD flap reconstructions compromise shoulder 
strength. We found the LD group exhibited reduced strength 
when compared to the subpectoral group, who underwent 
disinsertion of the PM but no adjuvant radiotherapy, and the 
DIEP group, who had adjuvant radiotherapy. This supports 
prior observations that strength loss observed following LD 
flap breast reconstructions is more related to the loss of the 
latissimus dorsi than radiotherapy [40].

Our study used novel assessments of shoulder stiffness to 
measure the mechanical stability of the shoulder joint fol-
lowing breast reconstruction. These stiffness measures quan-
tify a patient’s ability to stabilize their arm [29] and provide 
insights into the health and function of the shoulder during 
activities of daily living. At rest, stiffness quantifies the sta-
bility provided by passive soft tissues acting on the shoul-
der, such as ligament, tendon, and muscle [41]. All surgical 
groups exhibited similar measures of stiffness at rest in both 
the vertical and horizontal planes. These results are unsur-
prising, as muscle constitutes a small contribution to overall 
joint stiffness at rest [41]. Under active conditions, shoulder 
stiffness is largely attributable to the coordinated activations 
of shoulder muscles [41–43]. We observed altered active 
joint stiffness during vertical adduction following disinser-
tion of the LD. This reduction in stiffness is likely due to the 
combined disinsertion of the LD and PM, as the subpectoral 
and LD flap groups exhibited similar stiffnesses during verti-
cal adduction. These results agree with previous reports of 
reduced stability following the disinsertion of the LD [21].

Clinical practice assumes that the musculoskeletal system 
can adapt and compensate for lost function following muscle 
disinsertion in reconstructive surgery [19, 44–46]. The LD 
and PM are two of three muscles that contribute significantly 
to shoulder vertical adduction. Therefore, the disinsertion of 
both muscles leaves little room for compensation in verti-
cal adduction from intact musculature [13]. The LD also 
contributes substantially to shoulder horizontal extension, 
and therefore, its disinsertion should theoretically influence 
horizontal extension stiffness. However, our LD flap group 
exhibited similar horizontal extension stiffness to both the 
subpectoral and DIEP flap groups, suggesting an increased 
contribution from remaining musculature. The teres major, 
infraspinatus, and subscapularis muscles, which contribute 
to shoulder stability using similar lines of action as the latis-
simus dorsi when the arm is abducted to 90° [12], are the 
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most likely muscles to compensate. Additionally, the intact 
clavicular fiber region of the PM contributes to shoulder 
function in the horizontal plane [47].

Our study has certain limitations. First, our cross-sec-
tional study design does not allow for the longitudinal effects 
of LD flap breast reconstructions to be fully appreciated. 
We mitigated this limitation by using well-defined control 
groups to control for the disinsertion of the PM and the 
inclusion of radiation therapy. Theoretically, the opposite 
shoulder could serve as a control for each patient. How-
ever, experimental time constraints and variability in arm 
dominance, history of injury to the opposite arm/shoulder, 
and patient preference for completing unilateral or bilateral 
surgeries made it difficult to use the opposed shoulder as 
a true control. Our experimental procedures only assessed 
the shoulder in a single posture, but the chosen posture 
should illicit the greatest contributions of the PM and LD 
to shoulder function based on their moment arms [48]. The 
LD was fully disinserted from the spine in all LD patients, 
but there might have been variability in the amount that the 
PM was disinserted for each participant. We attempted to 
minimize this variability by recruiting patients from a single 
surgeon. The vast majority of patients included in the current 
study received radiation therapy from outside providers, and 
therefore, we had limited access to their radiation therapy 
records. We were only able to control for the inclusion of 
radiotherapy in their management of breast cancer and could 
not control for radiation dose or field design.

In conclusion, we demonstrated that the disinsertion of 
the LD, not the disinsertion of the PM muscle or radiother-
apy, contributes to the commonly observed strength deficits 
following LD flap breast reconstruction. Our findings also 
provide objective evidence that the combined disinsertion 
of the PM and LD compromises LD flap patients ability 
to stabilize their shoulder joint in the vertical plane. When 
possible, consideration should be given to harvesting only 
the LD for coverage of implants as opposed to the LD and 
PM. Together, these findings suggest that shoulder function 
should be included in the surgical decision-making process 
and that postsurgical care should aim to improve both shoul-
der strength and stability.

Acknowledgements  The study was financially supported by a Susan 
G. Komen Clinical Fellowship (D.B.L), a Plastic Surgery Foundation 
pilot grant (A.O.M), and the University of Michigan Comprehensive 
Cancer Center Fund for Discovery (D.B.L. and A.O.M.).

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflicts of 
interest.

Ethical approval  All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the Uni-
versity of Michigan Institutional Review Board and with the 1964 

Helsinki Declaration and its later amendments or comparable ethical 
standards.

Informed consent  Informed consent was obtained from all individual 
participants included in the study.

References

	 1.	 Plastic Surgery Statistics Report (2017) American Society of 
Plastic Surgeons

	 2.	 Al-Ghazal SK, Fallowfield L, Blamey RW (2000) Compari-
son of psychological aspects and patient satisfaction follow-
ing breast conserving surgery, simple mastectomy and breast 
reconstruction. Eur J Cancer 36 (15):1938–1943

	 3.	 Albornoz CR, Bach PB, Mehrara BJ, Disa JJ, Pusic AL, McCa-
rthy CM, Cordeiro PG, Matros E (2013) A paradigm shift in 
U.S. Breast reconstruction: increasing implant rates. Plastic 
Reconst Surg 131(1):15–23. https​://doi.org/10.1097/PRS.0b013​
e3182​729cd​e

	 4.	 Wilkins EG, Cederna PS, Lowery JC, Davis JA, Kim HM, Roth 
RS, Goldfarb S, Izenberg PH, Houin HP, Shaheen KW (2000) 
Prospective analysis of psychosocial outcomes in breast recon-
struction: one-year postoperative results from the Michigan 
Breast Reconstruction Outcome Study. Plastic Reconst Surg 
106(5):1014–1025; discussion 1026–1017

	 5.	 De Angelis R, Tavilla A, Verdecchia A, Scoppa S, Hachey 
M, Feuer EJ, Mariotto AB (2009) Breast cancer survivors 
in the United States: geographic variability and time trends, 
2005–2015. Cancer 115(9):1954–1966. https​://doi.org/10.1002/
cncr.24217​

	 6.	 Jagsi R, Jiang J, Momoh AO, Alderman A, Giordano SH, Buch-
holz TA, Kronowitz SJ, Smith BD (2014) Trends and varia-
tion in use of breast reconstruction in patients with breast can-
cer undergoing mastectomy in the United States. J Clin Oncol 
32(9):919–926

	 7.	 Albornoz CR, Bach PB, Mehrara BJ, Disa JJ, Pusic AL, McCa-
rthy CM, Cordeiro PG, Matros E (2013) A paradigm shift in US 
Breast reconstruction: increasing implant rates. Plastic Reconst 
Surg 131(1):15–23

	 8.	 Cemal Y, Albornoz CR, Disa JJ, McCarthy CM, Mehrara BJ, 
Pusic AL, Cordeiro PG, Matros E (2013) A paradigm shift in US 
breast reconstruction: Part 2. The influence of changing mastec-
tomy patterns on reconstructive rate and method. Plastic Reconst 
Surg 131(3):320e–326e

	 9.	 Hirsch EM, Seth AK, Dumanian GA, Kim JY, Mustoe TA, 
Galiano RD, Fine NA (2012) Outcomes of tissue expander/
implant breast reconstruction in the setting of prereconstruction 
radiation. Plastic Reconst Surg 129(2):354–361

	10.	 Jagsi R, Momoh AO, Qi J, Hamill JB, Billig J, Kim HM, Pusic 
AL, Wilkins EG (2018) Impact of radiotherapy on complications 
and patient-reported outcomes after breast reconstruction. J Nat 
Cancer Inst 110(2):157–165

	11.	 Momoh AO, Ahmed R, Kelley BP, Aliu O, Kidwell KM, Kozlow 
JH, Chung KC (2014) A systematic review of complications of 
implant-based breast reconstruction with prereconstruction and 
postreconstruction radiotherapy. Ann Surg Oncol 21(1):118–124

	12.	 Halder A, Zhao KD, O’driscoll S, Morrey B, An K-N (2001) 
Dynamic contributions to superior shoulder stability. J Orthop 
Res 19(2):206–212

	13.	 Holzbaur KR, Murray WM, Delp SL (2005) A model of the upper 
extremity for simulating musculoskeletal surgery and analyzing 
neuromuscular control. Ann Biomed Eng 33(6):829–840

https://doi.org/10.1097/PRS.0b013e3182729cde
https://doi.org/10.1097/PRS.0b013e3182729cde
https://doi.org/10.1002/cncr.24217
https://doi.org/10.1002/cncr.24217


453Breast Cancer Research and Treatment (2019) 173:447–453	

1 3

	14.	 Fraulin F, Louie G, Zorrilla L, Tilley W (1995) Functional evalu-
ation of the shoulder following latissimus dorsi muscle transfer. 
Ann Plastic Surg 35(4):349–355

	15.	 Russell RC, Pribaz J, Zook EG, Leighton WD, Eriksson E, Smith 
CJ (1986) Functional evaluation of latissimus dorsi donor site. 
Plastic Reconst Surg 78(3):336–344

	16.	 Gupta R, Lee TQ (2005) Positional-dependent changes in gle-
nohumeral joint contact pressure and force: possible biome-
chanical etiology of posterior glenoid wear. J Shoulder Elb Surg 
14(1):S105–S110

	17.	 Laitung J, Peck F (1985) Shoulder function following the loss of 
the latissimus dorsi muscle. Br J Plastic Surg 38(3):375–379

	18.	 Mostaed BB (2004) Role of the shoulder muscles in controlling 
the glenohumeral joint and prevention of subacromial impinge-
ment in overhead activities: a meta-study. Dissertation, Union 
Institute & University

	19.	 Spear SL, Hess CL (2005) A review of the biomechanical and 
functional changes in the shoulder following transfer of the latis-
simus dorsi muscles. Plastic Reconst Surg 115(7):2070–2073

	20.	 Forthomme B, Heymans O, Jacquemin D, Klinkenberg S, Hoff-
mann S, Grandjean FX, Crielaard JM, Croisier JL (2010) Shoulder 
function after latissimus dorsi transfer in breast reconstruction. 
Clin Physiol Funct Imaging 30(6):406–412

	21.	 Giordano S, Kääriäinen M, Alavaikko J, Kaistila T, Kuokkanen H 
(2011) Latissimus dorsi free flap harvesting may affect the shoul-
der joint in long run. Scand J Surg 100(3):202–207

	22.	 Adams WP Jr, Lipschitz AH, Ansari M, Kenkel JM, Rohrich RJ 
(2004) Functional donor site morbidity following latissimus dorsi 
muscle flap transfer. Ann Plast Surg 53(1):6–11

	23.	 Brumback RJ, McBride M, Ortolani N (1992) Functional evalu-
ation of the shoulder after transfer of the vascularized latissimus 
dorsi muscle. J Bone Joint Surg Am 74(3):377–382

	24.	 Clough KB, Louis-Sylvestre C, Fitoussi A, Couturaud B, Nos C 
(2002) Donor site sequelae after autologous breast reconstruc-
tion with an extended latissimus dorsi flap. Plastic Reconst Surg 
109(6):1904–1911

	25.	 Salmi A, Tuominen R, Tukiainen E, Asko-Seljavaara S (1995) 
Morbidity of donor and recipient sites after free flap surgery: 
a prospective study. Scand J Plastic Reconst Surg Hand Surg 
29(4):337–341

	26.	 Glassey N, Perks GB, McCulley SJ (2008) A prospective assess-
ment of shoulder morbidity and recovery time scales follow-
ing latissimus dorsi breast reconstruction. Plastic Reconst Surg 
122(5):1334–1340

	27.	 de Oliveira RR, do Nascimento SL, Derchain SF, Sarian LO 
(2013) Immediate breast reconstruction with a latissimus dorsi 
flap has no detrimental effects on shoulder motion or postsurgi-
cal complications up to 1 year after surgery. Plastic Reconst Surg 
131(5):673e–680e

	28.	 Kim H, Wiraatmadja ES, Lim S-Y, Pyon J-K, Bang S-I, Oh KS, 
Lee JE, Nam SJ, Mun G-H (2013) Comparison of morbidity of 
donor site following pedicled muscle-sparing latissimus dorsi flap 
versus extended latissimus dorsi flap breast reconstruction. J Plas-
tic Reconst Aesthet Surg 66(5):640–646

	29.	 Rancourt D, Hogan N (2001) Dynamics of pushing. J Motor Beh 
33(4):351–362

	30.	 McIntyre J, Mussa-Ivaldi F, Bizzi E (1996) The control of stable 
postures in the multijoint arm. Exp Brain Res 110(2):248–264

	31.	 Edwards SL, Lee JA, Bell J-E, Packer JD, Ahmad CS, Levine WN, 
Bigliani LU, Blaine TA (2010) Nonoperative treatment of superior 
labrum anterior posterior tears: improvements in pain, function, 
and quality of life. Am J Sports Med 38(7):1456–1461

	32.	 Blomqvist L, Stark B, Engler N, Malm M (2004) Evaluation of 
arm and shoulder mobility and strength after modified radical 
mastectomy and radiotherapy. Acta Oncol 43(3):280–283

	33.	 Johansen S, Fosså K, Nesvold IL, Malinen E, Fosså SD (2014) 
Arm and shoulder morbidity following surgery and radiotherapy 
for breast cancer. Acta Oncol 53(4):521–529

	34.	 Wu G, Van der Helm FC, Veeger HD, Makhsous M, Van Roy P, 
Anglin C, Nagels J, Karduna AR, McQuade K, Wang X (2005) 
ISB recommendation on definitions of joint coordinate systems 
of various joints for the reporting of human joint motion—Part 
II: shoulder, elbow, wrist and hand. J Biomech 38(5):981–992

	35.	 Perreault EJ, Kirsch RF, Acosta AM (1999) Multiple-input, 
multiple-output system identification for characterization of limb 
stiffness dynamics. Biol Cybern 80(5):327–337

	36.	 Perreault EJ, Kirsch RF, Crago PE (2002) Voluntary control of 
static endpoint stiffness during force regulation tasks. J Neuro-
physiol 87(6):2808–2816

	37.	 Lipps DB, Baillargeon EM, Ludvig D, Perreault EJ (2015) Sys-
tem identification of multidimensional shoulder impedance during 
volitional contractions. IFAC-PapersOnLine 48(28):1369–1374

	38.	 Cohen J (1969) Statistical power analysis for the behavioural sci-
ences. Academic Press, New York

	39.	 Tarantino I, Banic A, Fischer T (2006) Evaluation of late results 
in breast reconstruction by latissimus dorsi flap and prosthesis 
implantation. Plastic Reconst Surg 117(5):1387–1394

	40.	 van Huizum MA, Hoornweg MJ, de Ruiter N, Oudenhoven E, 
Hage JJ, Veeger DJ (2016) Effect of latissimus dorsi flap breast 
reconstruction on the strength profile of the upper extremity. J 
Plastic Surg Hand Surg 50(4):202–207

	41.	 Bigliani LU, Kelkar R, Flatow EL, Pollock RG, Mow VC (1996) 
Glenohumeral stability: biomechanical properties of passive and 
active stabilizers. Clin Orthop Relat Res 330:13–30

	42.	 Blasier RB, Soslowsky LJ, Malicky DM, Palmer ML (1997) Pos-
terior glenohumeral subluxation: active and passive stabilization 
in a biomechanical model. J Bone Joint Surg Am 79(3):433–440

	43.	 Hu X, Murray WM, Perreault EJ (2011) Muscle short-range stiff-
ness can be used to estimate the endpoint stiffness of the human 
arm. J Neurophysiol 105(4):1633–1641

	44.	 Olivari N (1976) The latissimus flap. Br J Plastic Surg 
29(2):126–128

	45.	 McCraw JB, Penix JO, Baker JW (1978) Repair of major defects 
of the chest wall and spine with the latissimus dorsi myocutaneous 
flap. Plast Reconstr Surg 62(2):197–206

	46.	 Quillen CG (1979) Latissimus dorsi myocutaneous flaps in head 
and neck reconstruction. Plastic Reconst Surg 63(5):664–670

	47.	 Leonardis JM, Desmet DM, Lipps DB (2017) Quantifying differ-
ences in the material properties of the fiber regions of the pecto-
ralis major using ultrasound shear wave elastography. J Biomech 
63:41–46

	48.	 Ackland DC, Pak P, Richardson M, Pandy MG (2008) Moment 
arms of the muscles crossing the anatomical shoulder. J Anat 
213(4):383–390


	The influence of reconstruction choice and inclusion of radiation therapy on functional shoulder biomechanics in women undergoing mastectomy for breast cancer
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Participants
	Experimental setup
	Experimental protocol
	Data and statistical analysis

	Results
	Demographics
	Shoulder strength
	Shoulder stiffness

	Discussion
	Acknowledgements 
	References


