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INTRODUCTION
The United States Census Bureau estimates the popu-

lation >65 years will be 88.5 million by 2050, a 105% in-
crease from 2015.1 Despite this expanding demographic, 
the comprehensive effect of age on plastic surgical out-
comes and postoperative rehabilitation has received little 
attention. As new research on aging mechanisms and 
novel therapies expand, there will need to be increased 
awareness within the plastic surgery community. As plastic 
surgeons encounter this growing aged population more, 
familiarity of basic mechanisms of aging combined with 
recognition of age impacts on surgical outcomes and re-
habilitation becomes essential. This knowledge will help 
plastic surgeons to continue to obtain consistent results in 
a predictable manner and avoid morbidity and mortality 
in our growing elderly population.

PHYSIOLOGIC AND TISSUE  
CHANGES WITH AGING

The aging process is variable and complex and mul-
tiple inherited factors, unique to individuals, contribute 
to aging. Individual organ systems and tissues differen-
tially age and several anatomic factors lead to age-related 
changes in rather predictable manner. However, the indi-
vidual experience with aging must always be considered 
in both preoperative and postoperative assessments (see 
video, Supplemental Digital Content 1, which displays the 
aging experience. Patient perspective on the impact of 
aging personal health and well-being. This video is avail-
able in the “Related Videos” section of the Full-Text ar-
ticle at PRSGlobalOpen.com or at http://links.lww.com/
PRSGO/A957).

Skin Aging
Aged skin has epidermal thinning, decreased cellular 

turnover, and considerable atrophy.2–5 However, barrier 
function is largely unaltered.3,6 Keratinocyte proliferation 
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Summary: Given the rapidly aging population, investigating the effect of age on 
plastic surgery outcomes is imperative. Despite this, the topic has received rela-
tively little attention. Furthermore, there appears to be little integration between 
the basic scientists investigating the mechanisms of aging and the plastic surgeons 
providing the majority of “antiaging” therapies. This review first provides a descrip-
tion of the effects and mechanisms of aging in 5 types of tissue: skin, adipose tissue, 
muscles, bones and tendons, and nervous tissue followed by an overview of the ba-
sic mechanisms underlying aging, presenting the currently proposed cellular and 
molecular theories. Finally, the impact of aging, as well as frailty, on plastic surgery 
outcomes is explored by focusing on 5 different topics: general wound healing 
and repair of cutaneous tissue, reconstruction of soft tissue, healing of bones and 
tendons, healing of peripheral nerves, and microsurgical reconstruction. We find 
mixed reports on the effect of aging or frailty on outcomes in plastic surgery, which 
we hypothesize to be due to exclusion of aged and frail patients from surgery as 
well as due to outcomes that reported no postsurgical issues with aged patients. As 
plastic surgeons continue to interact more with the growing elderly population, a 
better appreciation of the underlying mechanisms and outcomes related to aging 
and a clear distinction between chronological age and frailty can promote bet-
ter selection of patients, offering appropriate patients surgery to improve an aged 
appearance, and declining interventions in inappropriate patients. (Plast Reconstr 
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declines, dermal-epidermal junctions flatten, nutrient ex-
change between layers is reduced, and there is increased 
fragility.2–4 Aged dermis undergoes thinning and atrophy, 
decrease in cellularity, vascularity, and extracellular ma-
trix.2,3,5,7 Collagen fibrils become disorganized, fragmented, 
and reduced in number and diameter.3–6 Net collagen re-
duction results from increased metalloproteinases and de-
creased neocollagenesis by aged fibroblasts.4,6 Aged skin 
immune function is compromised with diminished Lang-
erhans’s cells, decreased function of monocytes and mac-
rophages, and overall immunological senescence8 (Fig. 1).

Adipose Aging
Aged adipose tissue releases proinflammatory cyto-

kines impairing preadipocyte differentiation necessary 
for regeneration.9,10 These cytokines cause also decrease 
adipocyte size, alter insulin responsiveness, and stimu-
late lipolysis.9 Senescence is increased in subcutaneous 
adipocyte.11 Aging redistributes fat toward visceral and 
ectopic deposition.9,10 This contributes to lipotoxicity and 
systemic dysfunction due to local effects within ectopic 
tissue.4,9,10,12,13 As adipose tissue is an increasing source of 
autologous transfers, understanding changes in aging fat 
has far-reaching clinical relevance (Fig. 2).

Muscle Aging
Loss of muscle mass, declining strength, and physical 

function occurs with age.14,15 By 80 years, 30% of muscle 
mass is lost.15 Decreased muscle anabolism and increased 
expression of inflammatory factors contribute to skeletal 
muscle catabolism with increased apoptosis and decreased 
mitochondrial function.14,15 The reparative capacity of 
aged muscles is compromised by limited regenerative ca-
pacity of satellite cells, or muscle stem cells.16 Aged satel-
lite cells diminish in number and function and eventually 
become senescent.17 These processes decrease muscle fi-
ber cross-sectional area, delay repair, and accumulate fat 
and fibrosis within muscle leading to functional loss.14–16 
Age-related motor unit loss results in atrophy and loss of 
myofibers14,18 (Fig. 3).

Bone and Tendon Aging
Age-related changes in bone include loss of mass and 

mineral content, increased marrow fat content, reduced cal-
cium and phosphate stores, and altered response to growth 
factors and hormones.19 Osteoblasts, osteoclasts, osteocytes, 
and progenitor cells become senescent with age.13 This 
contributes to osteoporosis and skeletal fragility, increasing 
susceptibility to fractures.20 The decline in structure and 
function of aged tendons results from degeneration of teno-
cytes and collagen fibers, accumulation of lipids and ground 
substance, and calcium deposits. Tenoblast metabolic activ-
ity decreases with age reflective of impaired healing. Overall, 
this results in tensile strength loss, stiffness, increased suscep-
tibility to damage, and impaired healing.21,22

Nerve Aging
Aged peripheral nerves undergo anatomic and physi-

ological deterioration. Aged Schwann cells have diminished 
repair responses impairing regeneration.23 Neurons accu-
mulate lipofuscin granules, have axonal loss, demyelination, 
and synapse number reduction and attenuated growth fac-
tor response.24,25 These changes result in age-related declines 
in nerve conduction velocity, muscle strength, sensory dis-
crimination, and autonomic responses.12,24 As a result, nerve 
regeneration and reinnervation following peripheral nerve 
injury is significantly delayed and less effective with aging.26

MECHANISMS OF AGING
The understanding of molecular and cellular bases 

of aging has grown exponentially. Hallmarks of aging in-
clude genomic instability, telomere attrition, epigenetic 
alterations, loss of proteostasis, deregulated nutrient sens-
ing, mitochondrial dysfunction, cellular senescence, stem 
cell exhaustion, and altered intercellular communication 
(Fig. 4).27 These areas are now active therapeutic targets 
to reverse age-related decline and associated pathology. 
Many of these therapies are in clinical trials and have rel-
evance to the elderly undergoing surgery.

Age-related accumulation of unrepaired DNA damage 
leads to altered and dysfunctional gene expression and 
senescence, which drives cellular and tissue aging.16,28–30 
Enhancing DNA repair is possible utilizing nicotinamide 
adenine dinucleotide–boosting molecules, which pro-
motes health and extended lifespan in old and diseased 
animal models.31,32 These nicotinamide adenine dinucle-
otide–related molecules include sirtuins whose increased 
activity has been shown to promote longevity and healthy 
aging and are being tested in human clinical trials.33

Cellular senescence drives aging via accumulation of 
permanently growth-arrested senescent cells throughout 
multiple tissues. Senescent cells are apoptotic resistant, 
have altered gene expression, and produce aberrant in-
flammatory cytokines.34 Removing senescent cells in 
preclinical studies improved frailty, cardiac dysfunction, 
vascular dysfunction, diabetes, osteoporosis, vertebral disk 
degeneration, pulmonary fibrosis, and radiation-induced 
damage.35 Senolytic compounds are the focus on new bio-
technology companies and an ongoing active area of in-
vestigation in human clinical trials.35

Video Graphic 1. See video, Supplemental Digital content 1, which 
displays the aging experience. patient perspective on the impact 
of aging on personal health and well-being. This video is available 
in the “Related Videos” section of the Full-Text article at pRSGlobal-
open.com or at http://links.lww.com/PRSGO/A957.

http://links.lww.com/PRSGO/A957
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Stem cell exhaustion limits the aging body’s ability to 
regenerate.36 Intrinsic changes in adult stem cells incor-
porates almost all of the hallmarks of aging listed above. 
However, there are also extrinsic factors that are in play as 
systemic circulating factors have been shown to improve 
adult stem rejuvenation.37 Regardless, there is evidence 
that stem cell rejuvenation may be able to reverse the ag-
ing phenotype at the organismal level.38

EFFECT OF AGING ON PLASTIC  
SURGERY OUTCOMES

Over one-third of U.S. surgical procedures are with pa-
tients >65 years, which will increase over time.39 Advanced 
age is consistently an independent risk factor for postop-
erative complications in general abdominal, cardiotho-
racic, vascular, and orthopedic surgery.40,41 Furthermore, 
frailty, an age-related cumulative decline in multiple 

Fig. 1. Skin aging. Decreased cellular turnover and inefficient nutrient exchange between the different layers occurring with aging result 
in atrophy of both the epidermis and dermis. The decrease in collagen number and organization result from decreased production of col-
lagen as well as increased breakdown by metalloproteinases. a reduction in the vasculature is also seen leading to inefficient cutaneous 
blood supply.

Fig. 2. adipose aging. The increased production of proinflammatory cytokines that occurs with aging inhibits preadipocyte differentia-
tion leading to a decrease in adipocytes. Furthermore, there is a marked decrease in adipocyte size, an increase in senescent markers and 
cells and a shortening of the adipocyte telomeres. a decrease in insulin responsiveness promotes lipolysis and production of factors that 
inhibit adipogenesis.

Fig. 3. Muscle aging. aging causes the release of proinflammatory cytokines that lead muscle to become atrophic through decreased 
anabolism, as well as increased autophagy and catabolism. Stem cell exhaustion results in a decrease in satellite cells, leading to a decline 
in the reparative capacity of damaged muscle and increased fibrosis. proteostasis and a deregulation in nutrient sensing result in a de-
crease in fiber size, and mitochondrial dysfunction may lead to decreased endurance. an accumulation of adipose tissue within muscle 
promotes inflammation and insulin resistance.
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physiological systems, has been shown to improve predic-
tions of mortality and morbidity versus chronological age 
alone.42–46 Frailty scores are utilized in cardiac, oncologic, 
acute care, thoracic, vascular, burn, and orthopedic sur-
gery to predict postoperative outcomes.47–53 In contrast, 
the overall effect of age and frailty of plastic surgery pa-
tients has yet to be fully characterized. There are few com-
prehensive studies that examine quality of life, recovery, 
and rehabilitation in aged plastic surgery patients.

General Wound Healing and Cutaneous Repair
Alterations in wound healing pathways are well-docu-

mented with aging.54,55 Intrinsic wound healing in healthy 

elderly is delayed but not completely defective in optimal 
conditions. Regardless, age-related skin and wound heal-
ing changes and comorbidities predispose the elderly to 
nonhealing chronic wounds.56 About 10% of elderly pa-
tients in an acute care setting will develop a pressure ulcer 
during hospitalization.57,58 Margolis et al.57 calculated the 
pressure ulcer probability and compared with those 65–70 
years, those >80 years were 4–20 times more likely to de-
velop a pressure ulcer.

Although aging adversely affects wound healing time-
frames, it may accelerate maturation and improve scar 
quality under optimal conditions.54,59 Bond et al.60 found 
that patients >55 years had accelerated maturation and im-

Fig. 4. Mechanisms of aging. aging occurs due to multiple intertwined mechanisms; dysregulation in proteostasis with subsequent ac-
cumulation of dysfunctional proteins, dysfunction of mitochondria and accumulation of reactive oxygen species, DNa and nuclear lamina 
damage, shortening of the telomeres, as well as dysregulation of intercellular signaling. all these mechanisms are believed to result in 
activation of cell senescence, inhibition of autophagy and apoptosis, and exhaustion of stem cells.
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proved incisional scars compared with younger patients. 
This may involve altered inflammation, an accelerated 
maturation phase,54,60 and age-related increased fibrillin 
and elastin during acute wound healing.59

Aged skin maintains regenerative capabilities as evi-
denced by skin rejuvenation therapies used on photoaged 
skin including laser resurfacing, microneedling, peels, 
and retinoic acid.61,62 Dermatologist and the cosmeceuti-
cal industry have long focused on nonsurgical skin reju-
venation,63 which can be used with surgical rejuvenation 
procedures (Fig. 5).64,65

Wound Dehiscence
Age is an independent risk factor for surgical wound 

dehiscence in cardiothoracic, general abdominal, and or-
thopedic surgery.66–69 There are limited studies investigat-
ing surgical incision stability in plastic surgery. Karamanos 
et al.70 used NSQIP data to examine wound dehiscence 
from plastic surgery patients over five years. Their 0.75% 
dehiscence rate was no different in individuals >70 years 
and those younger. The authors, however, commented 
that high-risk elderly patients may have been counseled 
out of surgery and therefore not included.

Breast Reconstruction
Multiple studies have examined age effects on breast 

reconstruction outcomes. A multicenter prospective study 

by Santosa et al.71 found that age >60 years did not sig-
nificantly affect overall complication rates. However, this 
study found older women received significantly more 
delayed and unilateral reconstructions than younger pa-
tients. Butz et al.72 found that advanced age predicted 30-
day complication after autologous but not implant-based 
reconstruction. A multicenter analysis of autologous re-
construction by Song et al.73 found that women >65 years 
only made 3% of total patients. Older women had similar 
patient satisfaction to younger patients and overall com-
plications were similar. However, older women had statis-
tically higher seroma and infection rates. Chang et al.74 
found that >70 years was not associated with increased 
complications in microvascular breast reconstruction; 
however, the elderly cohort was only 2% of their study 
population and received mainly TRAM flaps (78%) and 
rarely DIEP flaps (5%). The complication rate of 43% in 
those >70 was increased compared with 28% in <70, how-
ever, not statistically significant. Selber et al.75 did not find 
increased complications in patients >65 years (only 5% of 
study population) undergoing free flap reconstruction in 
the immediate perioperative period.

There are mixed reports examining the effect of age 
on well-being, hospitalization, and morbidity after breast 
reconstruction. Johnson et al.76 found that women >65 
years had similar self-reported well-being scores to those 
younger after reconstruction. Again, they found that 

Fig. 5. Skin aging treatment. in the preventative stage, there are numerous exogenous factors that are 
known to either promote or delay aging. Smoking, excessive sunlight exposure, stress, and pollution 
are all factors known to expedite aging. on the other hand, maintaining an active lifestyle, a low-calorie 
diet, as well as overall good health could help delay the aging process. active treatment of aging skin 
is a multimodal approach, that can comprise medications, either topical or systemic, and invasive  
treatments that can be both nonsurgical and surgical.
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older women were more likely to undergo unilateral 
and implant-based reconstruction than younger women. 
 Girotto et al.77 found that patients >65 years scored worse 
than younger patients in postoperative physical function. 
Knackstedt et al.78 found that direct-to-implant in >65 years 
had similar complication rates with 2-stage reconstruction 
but significantly fewer readmissions, hospital stays, and 
postoperative visits. Abdominal donor-site morbidity after 
free flap reconstruction was found to be similar,79 which is 
in contrast to prior report stating decreased physical func-
tion in older women.77

Trunk Reconstruction
A few studies have examined age in trunk reconstruc-

tion. Calotta et al.80 examined reconstruction of the pos-
terior trunk after oncologic spine surgery and found no 
significant difference in complications between patients 
above or below 65 years. Giordano et al.81 found that ab-
dominal wall reconstruction with acellular dermal matrix 
in >65 years has similar recurrence rates with <65, how-
ever, with more bulge/laxity rates.

Craniofacial Trauma
Age-related craniofacial trauma is frequent in the el-

derly and often related to falls. Atisha et al.1 found that 
elderly patients >64 years generally required significantly 
less operative intervention and also had fewer surgical 
complications. However, Mundinger et al.82 found that 
patients >60 years had doubled length of hospitalization, 
were more likely to die, and be discharged to home with 
services.

Hand Procedures
The impact of age on outcomes of hand/extremity 

procedures are challenging to define. Elderly upper ex-
tremity fractures are frequent and treatment algorithms 
are often different compared with younger patients. One 
example is closed treatment of distal radius fractures, 
which have remained the predominant treatment method 
in elderly patients.83 A systematic review by Diaz-Garcia et 
al.84 demonstrated that cast immobilization in elderly un-
stable distal radius fractures results in similar functional 
outcomes as surgically treated patients. However, a report-
ed significant increase in distal radius fracture displace-
ment rates associated with increasing patient age is likely 
related to impaired bony healing.85 With regard to other 
elective nontraumatic hand procedures, many of arthritis-
related joint arthroplasties in the elderly population are 
due to increased incidence of osteoarthritis with age. Di-
rect outcome comparisons between elderly and young pa-
tients are, thus, difficult to obtain.

Aging has detrimental effect on tendon repairs requir-
ing more frequent reoperation. Dy et al.86 found that old-
er patients were more likely to require reoperation after 
flexor tendon repair. Similarly Rigo and Røkkum87 found 
older age to be predictive of need for reoperation after 
tendon repairs.

Within limb and digital replantation, there are varying 
reports that comment on the impact of age on surgical 
outcomes. Barzin et al.88 found no differences in periop-

erative complications or mortality in patients >65 years un-
dergoing digit replantation. However, patients >65 years 
required a higher rate of blood transfusion and discharge 
to rehabilitation facilities. A recent study by Kwon et al.89 
found that digit replantation in patients >70 years was an 
important factor predicting replantation failure. Older 
patients had worse functional recovery than younger pa-
tients undergoing digital replantation.

Peripheral Nerve Reconstruction
Age has significant detrimental impact on peripheral 

nerve repair outcomes. A meta-analysis of motor and sen-
sory recovery after microsurgical repair of median and 
ulnar nerve injuries by Ruijs et al.90 demonstrated age as 
the main prognostic factor for recovery. Sensory recovery 
after digital replantation is also negatively impacted by in-
creasing age. A systematic review by Glickman and Mackin-
non91 found that younger patients had improved sensory 
recovery compared with older. This has been consistently 
demonstrated in the literature confirming the age-related 
decline in sensory recovery.92–96

A review on the efficacy of carpal tunnel release (CTR) 
found that the elderly had less predictable symptomatic 
and functional improvement following open CTR when 
compared with younger patients.97 CTR was found un-
likely to result in the total elimination of symptoms when 
performed in elderly patients with advanced disease.98

As age increases, the axonal load of the facial nerve 
significantly decreases impacting facial reanimation pro-
cedures.99 Terzis and Konofaos100 found worse results in 
older patients undergoing facial reanimation. Her group 
has consistently found that there are significant age dif-
ferences between the majority of patients with good to 
excellent results and cases that showed unsatisfactory re-
sults.100,101

Microsurgical Reconstruction
The effect of age on microsurgical outcomes is contro-

versial. Üstün et al.102 performed a systematic review and 
meta-analysis of free flaps in elderly patients. They found 
no difference in elderly versus young flap success rates 
or surgical complications, however, did find significantly 
more medical complications and mortality in elderly pa-
tients. Offodile et al.103 found age to be significant predic-
tor of prolonged postoperative stay following free tissue 
transfer. Jubbal et al.104 analyzed 5,951 cases of free tissue 
transfer and found increased surgical and medical compli-
cation rates with increasing age. However, when control-
ling for comorbidities associated with age, age itself was 
not significantly associated with complications. Age was 
significantly associated with increased mortality. As such, 
the authors recommended assessment of “physiological” 
age instead of chronological age in assessing patients for 
free tissue reconstruction.

Lower extremity reconstruction in the elderly is more 
complex due to peripheral artery disease and diabetes. 
Xiong et al.105 found no difference in complication rates 
in patients >65; however, these patients required a higher 
rate of ICU admission. Surgical complications in retro-
spective studies are as high as 50% in free flaps and 40% 
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in pedicled flaps with mean stays of 33 days and of 46 days, 
respectively.106,107

Age is consistently associated with complications in mi-
crovascular reconstruction of the head and neck in which 
patients often carry multiple medical comorbidities.108–110 
Bhama et al.111 found older patients had significantly in-
creased ICU stays and higher mortality rates. Blackwell 
et al.112 found that increased rate of complications and 
healthcare cost was nearly double in patients >80 years. 
Goh et al.113 did not find significant flap complications 
in patients >65 years, however, did find statistically sig-
nificant increases in medical complications after free flap 
head and neck reconstruction. Chen et al.114 performed 
free flap reconstruction on patients >85 years and found a 
37% surgical complication rate, noting high surgical and 
medical complications.

A number of studies have not found significantly in-
creased free flap complications in elderly patients. Serletti 
et al.115 examined 100 patients >65 years retrospectively 
and found that chronological age did not predict flap 
complications. However, higher ASA scores and length of 
operative time were significant predictors of postopera-
tive medical and surgical morbidity. Grammatica et al.116 
performed a literature review of head and neck free flap 
reconstruction and found no difference in flap success, 
surgical complications, or mortality rate in elderly pa-
tients based on chronological age. They did acknowledge 
increased medical complications and proposed a comor-
bidity score to guide surgical planning. A systematic review 
of microsurgical scalp reconstruction by Sosin et al.117 also 
did find that chronological age did not increase mortality 
or catastrophic flap complications.

CONCLUSIONS
Plastic surgery alters the aged appearance and recon-

structs age-related wounds following cancer resection or 
trauma. In our review, we did not find a unifying consen-
sus that defines the impact of age or frailty on plastic sur-
gery outcomes. Instead, we hypothesize that these mixed 
reports are likely a product of both exclusion of aged and 
frail patients from surgery as well as outcomes that report 
“no issues” with aged patients in terms of reconstruction 
or flap survival. A more detailed examination of the post-
operative morbidity, recovery course, rehabilitation prog-
ress, and patient-reported outcomes is needed.

Collaboration with our basic science and gerontology 
colleagues may help to incorporate new aging therapies 
and methods to improve on preoperative screening and 
conditioning as well as postoperative rehabilitation. Bio-
markers for aging and frailty are currently being studied 
and validated.118–121 In addition, a comprehensive frailty 
scoring system will help identify areas to maximize success 
and recovery after major plastic surgery procedures. Pre-
habilitation before major surgery has shown to improve 
return to functional baseline, quality of life, decrease post-
operative complications, and length of stay in randomized 
blinded controlled trials.122–124

Finally, as we continue to offer plastic and recon-
structive surgery to our growing elderly population, a 

greater understanding of mechanisms and outcomes re-
lated to aging can promote desired outcomes by declining 
 interventions on patients expected to not do well postop-
eratively and intervening on patients with elevated chron-
ological age but not frailty.

Indranil Sinha, MD
Harvard Medical School

Brigham and Women’s Hospital
75 Francis Street

Boston, MA 02115
E-mail: isinha@bwh.harvard.edu

REFERENCES
 1. Atisha DM, Burr Tv, Allori AC, et al. Facial fractures in the aging 

population. Plast Reconstr Surg. 2016;137:587–593.
 2. Hubbard BA, Unger JG, Rohrich RJ. Reversal of skin aging with 

topical retinoids. Plast Reconstr Surg. 2014;133:481e–490e.
 3. Khavkin J, Ellis DA. Aging skin: histology, physiology, and pathol-

ogy. Facial Plast Surg Clin North Am. 2011;19:229–234.
 4. Rittié L, Fisher GJ. Natural and sun-induced aging of human 

skin. Cold Spring Harb Perspect Med. 2015;5:a015370.
 5. Farage MA, Miller KW, Elsner P, et al. Structural characteristics 

of the aging skin: a review. Cutan Ocul Toxicol. 2007;26:343–357.
 6. Kohl E, Steinbauer J, Landthaler M, et al. Skin ageing. J Eur Acad 

Dermatol Venereol. 2011;25:873–884.
 7. Callaghan TM, Wilhelm KP. A review of ageing and an examina-

tion of clinical methods in the assessment of ageing skin. Part I: 
cellular and molecular perspectives of skin ageing. Int J Cosmet 
Sci. 2008;30:313–322.

 8. Mansouri P, Chalangari R, Chalangari KM, et al. Skin aging and 
immune system. In Massoud AR, ed. Immunology of Aging. Berlin, 
Germany: Springer; 2014.

 9. Pararasa C, Bailey CJ, Griffiths HR. Ageing, adipose tissue, fatty 
acids and inflammation. Biogerontology. 2015;16:235–248.

 10. Zamboni M, Rossi AP, Fantin F, et al. Adipose tissue, diet and ag-
ing. Mech Ageing Dev. 2014;136-137:129–137.

 11. Palmer AK, Kirkland JL. Aging and adipose tissue: potential in-
terventions for diabetes and regenerative medicine. Exp Gerontol. 
2016;86:97–105.

 12. Verdú E, Ceballos D, Vilches JJ, et al. Influence of aging on pe-
ripheral nerve function and regeneration. J Peripher Nerv Syst. 
2000;5:191–208.

 13. Farr JN, Fraser DG, Wang H, et al. Identification of senescent cells 
in the bone microenvironment. J Bone Miner Res. 2016;31:1920–
1929.

 14. Lang T, Streeper T, Cawthon P, et al. Sarcopenia: etiology, clini-
cal consequences, intervention, and assessment. Osteoporos Int. 
2010;21:543–559.

 15. Ali S, Garcia JM. Sarcopenia, cachexia and aging: diagnosis, 
mechanisms and therapeutic options—a mini-review. Gerontology. 
2014;60:294–305.

 16. Sousa-Victor P, García-Prat L, Serrano AL, et al. Muscle stem 
cell aging: regulation and rejuvenation. Trends Endocrinol Metab. 
2015;26:287–296.

 17. Almada AE, Wagers AJ. Molecular circuitry of stem cell fate in 
skeletal muscle regeneration, ageing and disease. Nat Rev Mol 
Cell Biol. 2016;17:267–279.

 18. Ilankovan V. Anatomy of ageing face. Br J Oral Maxillofac Surg. 
2014;52:195–202.

 19. Boros K, Freemont T. Physiology of ageing of the musculoskel-
etal system. Best Pract Res Clin Rheumatol. 2017;31:203–217.

 20. Ensrud KE. Epidemiology of fracture risk with advancing age. J 
Gerontol A Biol Sci Med Sci. 2013;68:1236–1242.

mailto:isinha@bwh.harvard.edu


PRS Global Open • 2019

8

 21. Birch HL, Peffers MJ, Clegg PD. Influence of ageing on tendon 
homeostasis. Adv Exp Med Biol. 2016;920:247–260.

 22. Tuite DJ, Renström PA, O’Brien M. The aging tendon. Scand J 
Med Sci Sports. 1997;7:72–77.

 23. Painter MW, Brosius Lutz A, Cheng YC, et al. Diminished 
schwann cell repair responses underlie age-associated impaired 
axonal regeneration. Neuron. 2014;83:331–343.

 24. Pannese E. Morphological changes in nerve cells during normal 
aging. Brain Struct Funct. 2011;216:85–89.

 25. Drac H, Babiuch M, Wiśniewska W. Morphological and bio-
chemical changes in peripheral nerves with aging. Neuropatol Pol. 
1991;29:49–67.

 26. Kovacic U, Sketelj J, Bajrović FF. Chapter 26: age-related differ-
ences in the reinnervation after peripheral nerve injury. Int Rev 
Neurobiol. 2009;87:465–482.

 27. López-Otín C, Blasco MA, Partridge L, et al. The hallmarks of 
aging. Cell. 2013;153:1194–1217.

 28. Jin K. Modern biological theories of aging. Aging Dis. 2010;1:72–
74.

 29. Austad SN. Infoaging guide to theories of aging. AFAR Review 
Guide. 2011:1–9.

 30. Ghosh S, Zhou Z. SIRTain regulators of premature senescence 
and accelerated aging. Protein Cell. 2015;6:322–333.

 31. Rajman L, Chwalek K, Sinclair DA. Therapeutic potential 
of NAD-boosting molecules: the in vivo evidence. Cell Metab. 
2018;27:529–547.

 32. Li J, Bonkowski MS, Moniot S, et al. A conserved NAD+ binding 
pocket that regulates protein-protein interactions during aging. 
Science. 2017;355:1312–1317.

 33. Bonkowski MS, Sinclair DA. Slowing ageing by design: the rise 
of NAD+ and sirtuin-activating compounds. Nat Rev Mol Cell Biol. 
2016;17:679–690.

 34. Childs BG, Gluscevic M, Baker DJ, et al. Senescent cells: an 
emerging target for diseases of ageing. Nat Rev Drug Discov. 
2017;16:718–735.

 35. Kirkland JL, Tchkonia T, Zhu Y, et al. The clinical potential of 
senolytic drugs. J Am Geriatr Soc. 2017;65:2297–2301.

 36. Jung Y, Brack AS. Cellular mechanisms of somatic stem cell ag-
ing. Curr Top Dev Biol. 2014;107:405–438.

 37. Sinha M, Jang YC, Oh J, et al. Restoring systemic GDF11 levels re-
verses age-related dysfunction in mouse skeletal muscle. Science. 
2014;344:649–652.

 38. Oh J, Lee YD, Wagers AJ. Stem cell aging: mechanisms, regula-
tors and therapeutic opportunities. Nat Med. 2014;20:870–880.

 39. Etzioni DA, Liu JH, O’Connell JB, et al. Elderly patients in surgi-
cal workloads: a population-based analysis. Am Surg. 2003;69:961–
965.

 40. Gajdos C, Kile D, Hawn MT, et al. Advancing age and 30-day 
adverse outcomes after nonemergent general surgeries. J Am 
Geriatr Soc. 2013;61:1608–1614.

 41. Polanczyk CA, Marcantonio E, Goldman L, et al. Impact of age 
on perioperative complications and length of stay in patients un-
dergoing noncardiac surgery. Ann Intern Med. 2001;134:637–643.

 42. Beggs T, Sepehri A, Szwajcer A, et al. Frailty and perioperative 
outcomes: a narrative review. Can J Anaesth. 2015;62:143–157.

 43. Fried LP, Tangen CM, Walston J, et al.; Cardiovascular Health 
Study Collaborative Research Group. Frailty in older adults: 
evidence for a phenotype. J Gerontol A Biol Sci Med Sci. 2001;56: 
M146–M156.

 44. Lin HS, Watts JN, Peel NM, et al. Frailty and post-operative out-
comes in older surgical patients: a systematic review. BMC Geriatr. 
2016;16:157.

 45. Partridge JS, Harari D, Dhesi JK. Frailty in the older surgical pa-
tient: a review. Age Ageing. 2012;41:142–147.

 46. Rockwood K, Mitnitski A. Frailty in relation to the accumulation 
of deficits. J Gerontol A Biol Sci Med Sci. 2007;62:722–727.

 47. Sepehri A, Beggs T, Hassan A, et al. The impact of frailty on 
outcomes after cardiac surgery: a systematic review. J Thorac 
Cardiovasc Surg. 2014;148:3110–3117.

 48. Feng MA, McMillan DT, Crowell K, et al. Geriatric assessment 
in surgical oncology: a systematic review. J Surg Res. 2015;193: 
265–272.

 49. Farhat JS, Velanovich V, Falvo AJ, et al. Are the frail destined to 
fail? Frailty index as predictor of surgical morbidity and mortal-
ity in the elderly. J Trauma Acute Care Surg. 2012;72:1526–1530; 
discussion 1530.

 50. Dunne MJ, Abah U, Scarci M. Frailty assessment in thoracic sur-
gery. Interact Cardiovasc Thorac Surg. 2014;18:667–670.

 51. Kraiss LW, Beckstrom JL, Brooke BS. Frailty assessment in vascu-
lar surgery and its utility in preoperative decision making. Semin 
Vasc Surg. 2015;28:141–147.

 52. Romanowski KS, Barsun A, Pamlieri TL, et al. Frailty score on 
admission predicts outcomes in elderly burn injury. J Burn Care 
Res. 2015;36:1–6.

 53. Cooper Z, Rogers SO Jr, Ngo L, et al. Comparison of frailty mea-
sures as predictors of outcomes after orthopedic surgery. J Am 
Geriatr Soc. 2016;64:2464–2471.

 54. Sgonc R, Gruber J. Age-related aspects of cutaneous wound heal-
ing: a mini-review. Gerontology. 2013;59:159–164.

 55. Gosain A, DiPietro LA. Aging and wound healing. World J Surg. 
2004;28:321–326.

 56. Gould L, Abadir P, Brem H, et al. Chronic wound repair and 
healing in older adults: current status and future research. J Am 
Geriatr Soc. 2015;63:427–438.

 57. Margolis DJ, Bilker W, Knauss J, et al. The incidence and preva-
lence of pressure ulcers among elderly patients in general medi-
cal practice. Ann Epidemiol. 2002;12:321–325.

 58. Maklebust J, Magnan MA. Risk factors associated with having 
a pressure ulcer: a secondary data analysis. Adv Wound Care. 
1994;7:25, 27–28, 31.

 59. Ashcroft GS, Kielty CM, Horan MA, et al. Age-related changes 
in the temporal and spatial distributions of fibrillin and elastin 
mRNAs and proteins in acute cutaneous wounds of healthy hu-
mans. J Pathol. 1997;183:80–89.

 60. Bond JS, Duncan JA, Sattar A, et al. Maturation of the human scar: 
an observational study. Plast Reconstr Surg. 2008;121:1650–1658.

 61. Ramaut L, Hoeksema H, Pirayesh A, et al. Microneedling: where 
do we stand now? A systematic review of the literature. J Plast 
Reconstr Aesthet Surg. 2018;71:1–14.

 62. Carniol PJ, Hamilton MM, Carniol ET. Current status of fraction-
al laser resurfacing. JAMA Facial Plast Surg. 2015;17:360–366.

 63. Lee CM. Fifty years of research and development of cosmeceuti-
cals: a contemporary review. J Cosmet Dermatol. 2016;15:527–539.

 64. Koch BB, Perkins SW. Simultaneous rhytidectomy and full-face 
carbon dioxide laser resurfacing: a case series and meta-analysis. 
Arch Facial Plast Surg. 2002;4:227–233.

 65. Fulton JE. Simultaneous face lifting and skin resurfacing. Plast 
Reconstr Surg. 1998;102:2480–2489.

 66. Sandy-Hodgetts K, Carville K, Leslie GD. Determining risk fac-
tors for surgical wound dehiscence: a literature review. Int Wound 
J. 2015;12:265–275.

 67. van Ramshorst GH, Nieuwenhuizen J, Hop WC, et al. Abdominal 
wound dehiscence in adults: development and validation of a 
risk model. World J Surg. 2010;34:20–27.

 68. Ridderstolpe L, Gill H, Granfeldt H, et al. Superficial and deep 
sternal wound complications: incidence, risk factors and mortal-
ity. Eur J Cardiothorac Surg. 2001;20:1168–1175.

 69. Easterlin MC, Chang DG, Talamini M, et al. Older age increases 
short-term surgical complications after primary knee arthroplas-
ty. Clin Orthop Relat Res. 2013;471:2611–2620.

 70. Karamanos E, Osgood G, Siddiqui A, et al. Wound healing in plas-
tic surgery: does age matter? An American College of Surgeons 



 Roh et al. • Implications of Aging in Plastic Surgery

9

National Surgical Quality Improvement Program study. Plast 
Reconstr Surg. 2015;135:876–881.

 71. Santosa KB, Qi J, Kim HM, et al. Effect of patient age on out-
comes in breast reconstruction: results from a multicenter pro-
spective study. J Am Coll Surg. 2016;223:745–754.

 72. Butz DR, Lapin B, Yao K, et al. Advanced age is a predictor of 
30-day complications after autologous but not implant-based 
postmastectomy breast reconstruction. Plast Reconstr Surg. 
2015;135:253e–261e.

 73. Song D, Slater K, Papsdorf M, et al. Autologous breast reconstruc-
tion in women older than 65 years versus women younger than 
65 years: a multi-center analysis. Ann Plast Surg. 2016;76:155–163.

 74. Chang EI, Vaca L, DaLio AL, et al. Assessment of advanced age 
as a risk factor in microvascular breast reconstruction. Ann Plast 
Surg. 2011;67:255–259.

 75. Selber JC, Bergey M, Sonnad SS, et al. Free flap breast re-
construction in advanced age: is it safe? Plast Reconstr Surg. 
2009;124:1015–1022.

 76. Johnson DB, Lapin B, Wang C, et al. Advanced age does not 
worsen recovery or long-term morbidity after postmastectomy 
breast reconstruction. Ann Plast Surg. 2016;76:164–169.

 77. Girotto JA, Schreiber J, Nahabedian MY. Breast reconstruction 
in the elderly: preserving excellent quality of life. Ann Plast Surg. 
2003;50:572–578.

 78. Knackstedt R, Gatherwright J, Moreira A. Direct-to-implant 
breast reconstruction in women older than 65 years: a retrospec-
tive analysis of complication rate and overall outcomes. Plast 
Reconstr Surg. 2018;141:251–256.

 79. Nelson JA, Fosnot J, Selber JC, et al. Age and abdominal wall 
strength: assessing the aging abdominal wall after autologous 
breast reconstruction. Microsurgery. 2013;33:14–23.

 80. Calotta NA, Coon D, Sacks JM. Safety of immediate posterior 
trunk soft-tissue reconstruction in older adults. Plast Reconstr Surg 
Glob Open. 2017;5:e1326.

 81. Giordano S, Schaverien M, Garvey PB, et al. Advanced age does 
not affect abdominal wall reconstruction outcomes using acel-
lular dermal matrix: a comparative study using propensity score 
analysis. Am J Surg. 2017;213:1046–1052.

 82. Mundinger GS, Bellamy JL, Miller DT, et al. Defining popula-
tion-specific craniofacial fracture patterns and resource use in 
geriatric patients: a comparative study of blunt craniofacial frac-
tures in geriatric versus nongeriatric adult patients. Plast Reconstr 
Surg. 2016;137:386e–393e.

 83. Chung KC, Shauver MJ, Birkmeyer JD. Trends in the United 
States in the treatment of distal radial fractures in the elderly. J 
Bone Joint Surg Am. 2009;91:1868–1873.

 84. Diaz-Garcia RJ, Oda T, Shauver MJ, et al. A systematic review of 
outcomes and complications of treating unstable distal radius 
fractures in the elderly. J Hand Surg Am. 2011;36:824–35.e2.

 85. Makhni EC, Ewald TJ, Kelly S, et al. Effect of patient age on the 
radiographic outcomes of distal radius fractures subject to non-
operative treatment. J Hand Surg Am. 2008;33:1301–1308.

 86. Dy CJ, Daluiski A, Do HT, et al. The epidemiology of reoperation 
after flexor tendon repair. J Hand Surg Am. 2012;37:919–924.

 87. Rigo IZ, Røkkum M. Predictors of outcome after primary 
flexor tendon repair in zone 1, 2 and 3. J Hand Surg Eur Vol. 
2016;41:793–801.

 88. Barzin A, Hernandez-Boussard T, Lee GK, et al. Adverse events 
following digital replantation in the elderly. J Hand Surg Am. 
2011;36:870–874.

 89. Kwon GD, Ahn BM, Lee JS, et al. The effect of patient age 
on the success rate of digital replantation. Plast Reconstr Surg. 
2017;139:420–426.

 90. Ruijs AC, Jaquet JB, Kalmijn S, et al. Median and ulnar nerve 
injuries: a meta-analysis of predictors of motor and sensory re-

covery after modern microsurgical nerve repair. Plast Reconstr 
Surg. 2005;116:484–494; discussion 495.

 91. Glickman LT, Mackinnon SE. Sensory recovery following digital 
replantation. Microsurgery. 1990;11:236–242.

 92. Bulut T, Akgün U, Çıtlak A, et al. Prognostic factors in sensory 
recovery after digital nerve repair. Acta Orthop Traumatol Turc. 
2016;50:157–161.

 93. Paprottka FJ, Wolf P, Harder Y, et al. Sensory recovery outcome 
after digital nerve repair in relation to different reconstructive 
techniques: meta-analysis and systematic review. Plast Surg Int. 
2013;2013:704589.

 94. Vertruyen MF, Burgeon MA, Dachy BS, et al. Sensory recov-
ery after microsurgical repair of digital nerves. Acta Chir Belg. 
1994;94:325–328.

 95. Weinzweig N, Chin G, Mead M, et al. Recovery of sensibility 
after digital neurorrhaphy: a clinical investigation of prognostic 
factors. Ann Plast Surg. 2000;44:610–617.

 96. Mermans JF, Franssen BB, Serroyen J, et al. Digital nerve inju-
ries: a review of predictors of sensory recovery after microsurgi-
cal digital nerve repair. Hand (N Y). 2012;7:233–241.

 97. Fung BW, Tang CY, Fung BK. Does aging matter? The ef-
ficacy of carpal tunnel release in the elderly. Arch Plast Surg. 
2015;42:278–281.

 98. Tomaino MM, Weiser RW. Carpal tunnel release for ad-
vanced disease in patients 70 years and older: does outcome 
from the patient’s perspective justify surgery? J Hand Surg Br. 
2001;26:481–483.

 99. Hembd A, Nagarkar P, Perez J, et al. Correlation between facial 
nerve axonal load and age and its relevance to facial reanima-
tion. Plast Reconstr Surg. 2017;139:1459–1464.

 100. Terzis JK, Konofaos P. Experience with 60 adult patients with fa-
cial paralysis secondary to tumor extirpation. Plast Reconstr Surg. 
2012;130:51e–66e.

 101. Terzis JK, Wang W, Zhao Y. Effect of axonal load on the 
functional and aesthetic outcomes of the cross-facial nerve 
graft procedure for facial reanimation. Plast Reconstr Surg. 
2009;124:1499–1512.

 102. Üstün GG, Aksu AE, Uzun H, et al. The systematic review 
and meta-analysis of free flap safety in the elderly patients. 
Microsurgery. 2017;37:442–450.

 103. Offodile AC 2nd, Aherrera A, Guo L. Risk factors associated 
with prolonged postoperative stay following free tissue trans-
fer: an analysis of 2425 patients from the American College of 
Surgeons National Surgical Quality Improvement Program da-
tabase. Plast Reconstr Surg. 2014;134:1323–1332.

 104. Jubbal KT, Zavlin D, Suliman A. The effect of age on microsur-
gical free flap outcomes: An analysis of 5,591 cases. Microsurgery. 
2017;8:858–864.

 105. Xiong L, Gazyakan E, Wähmann M, et al. Microsurgical recon-
struction for post-traumatic defects of lower leg in the elderly: a 
comparative study. Injury. 2016;47:2558–2564.

 106. Dumont CE, Neumann H, Lingenfelter EJ. Pedicled flaps for 
lower extremity reconstruction in the elderly: a retrospective 
study of 16 cases. Ann Plast Surg. 2004;53:368–372.

 107. Tholen RH, Hammond DC, Cooney WP, et al. Free flap re-
construction of the lower extremity in the elderly. Eur J Plastic 
Surgery. 1992;15:58–62.

 108. Shestak KC, Jones NF, Wu W, et al. Effect of advanced age and 
medical disease on the outcome of microvascular reconstruc-
tion for head and neck defects. Head Neck. 1992;14:14–18.

 109. Singh B, Cordeiro PG, Santamaria E, et al. Factors associated 
with complications in microvascular reconstruction of head 
and neck defects. Plast Reconstr Surg. 1999;103:403–411.

 110. Jones NF, Jarrahy R, Song JI, et al. Postoperative medical com-
plications—not microsurgical complications—negatively influ-
ence the morbidity, mortality, and true costs after microsurgical 



PRS Global Open • 2019

10

reconstruction for head and neck cancer. Plast Reconstr Surg. 
2007;119:2053–2060.

 111. Bhama PK, Patel SA, Khan U, et al. Head and neck free flap re-
construction in patients older than 80 years. J Reconstr Microsurg. 
2014;30:523–530.

 112. Blackwell KE, Azizzadeh B, Ayala C, et al. Octogenarian free flap 
reconstruction: complications and cost of therapy. Otolaryngol 
Head Neck Surg. 2002;126:301–306.

 113. Goh CS, Kok YO, Yong CP, et al. Outcome predictors in elderly 
head and neck free flap reconstruction: a retrospective study 
and systematic review of the current evidence. J Plast Reconstr 
Aesthet Surg. 2018;71:719–728.

 114. Chen XF, Chen YM, Gokavarapu S, et al. Free flap reconstruc-
tion for patients aged 85 years and over with head and neck 
cancer: clinical considerations for comprehensive care. Br J 
Oral Maxillofac Surg. 2017;55:793–797.

 115. Serletti JM, Higgins JP, Moran S, et al. Factors affecting out-
come in free-tissue transfer in the elderly. Plast Reconstr Surg. 
2000;106:66–70.

 116. Grammatica A, Piazza C, Paderno A, et al. Free flaps in head and 
neck reconstruction after oncologic surgery: expected outcomes 
in the elderly. Otolaryngol Head Neck Surg. 2015;152:796–802.

 117. Sosin M, Schultz BD, De La Cruz C, et al. Microsurgical scalp 
reconstruction in the elderly: a systematic review and pooled 
analysis of the current data. Plast Reconstr Surg. 2015;135: 
856–866.

 118. Calvani R, Marini F, Cesari M, et al.; SPRINTT consortium. 
Biomarkers for physical frailty and sarcopenia: state of the sci-
ence and future developments. J Cachexia Sarcopenia Muscle. 
2015;6:278–286.

 119. Ipson BR, Fletcher MB, Espinoza SE, et al. Identifying exo-
some-derived MicroRNAs as candidate biomarkers of frailty.  
J Frailty Aging. 2018;7:100–103.

 120. Lu Y, Tan CT, Nyunt MS, et al. Inflammatory and immune 
markers associated with physical frailty syndrome: findings 
from Singapore longitudinal aging studies. Oncotarget. 2016;7: 
28783–28795.

 121. Yousefzadeh MJ, Schafer MJ, Noren Hooten N, et al. Circulating 
levels of monocyte chemoattractant protein-1 as a potential 
measure of biological age in mice and frailty in humans. Aging 
Cell. 2017 December 31.

 122. Barberan-Garcia A, Ubré M, Roca J, et al. Personalised preha-
bilitation in high-risk patients undergoing elective major ab-
dominal surgery: a randomized blinded controlled trial. Ann 
Surg. 2018;267:50–56.

 123. Dunne DF, Jack S, Jones RP, et al. Randomized clinical trial 
of prehabilitation before planned liver resection. Br J Surg. 
2016;103:504–512.

 124. Mayo NE, Feldman L, Scott S, et al. Impact of preoperative 
change in physical function on postoperative recovery: argu-
ment supporting prehabilitation for colorectal surgery. Surgery. 
2011;150:505–514.


