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Abstract

Fractures in the elderly represent a significant and rising socioeconomic problem. Although aging 

has been associated with delays in healing, there is little direct clinical data isolating the effects of 

aging on bone healing from the associated comorbidities that are frequently present in elderly 

populations. Basic research has demonstrated that all of the components of fracture repair -cells, 

extracellular matrix, blood supply, and molecules and their receptors— are negatively impacted by 

the aging process, which likely explains poorer clinical outcomes. Improved understanding of age-

related fracture healing should aid in the development of novel treatment strategies, technologies, 

and therapies to improve bone repair in elderly patients.
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Introduction:

The burden of musculoskeletal disorders is enormous. It is estimated that approximately 35 

million Americans—fully 1 in 7—are affected at some time in their life. In addition to 

chronic, degenerative conditions such as osteoarthritis, back pain, and osteoarthritis, many 

lives are affected by trauma. Approximately 6.3 million fractures occur and are treated in the 

United States per year. While most of these heal uneventfully, approximately 10-15% result 

in nonunion, which creates tremendous disability and increases the cost of care and 

treatment of patients with such a complication.

The impact of impaired fracture union in the elderly population is even greater. Due to a 

decreased physiologic reserve, pre-existing co-morbidities, and greater perioperative 

complications of care, elderly patients are often unable to return to their pre-injury level of 

activity. Because of widespread osteoporosis in this population, the incidence of many 

fractures is much greater than in younger cohorts. The impact of this high incidence and 

propensity for complications of treatment is compounded by population trends: the 65+ 

Corresponding Author: Theodore Miclau, MD, ZSFG/UCSF Orthopaedic Trauma Institute, 2550 23rd St, San Francisco, CA, USA, 
94110, Theodore.Miclau@ucsf.edu. 

COI: The authors declares that they have no conflicts of interest.

HHS Public Access
Author manuscript
Injury. Author manuscript; available in PMC 2020 February 14.

Published in final edited form as:
Injury. 2019 June ; 50(Suppl 1): S62–S65. doi:10.1016/j.injury.2019.05.005.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cohort is the fastest growing segment of the population and is estimated to reach 20% by the 

year 2040 (1). Clearly, a greater understanding of the clinical trends and the underlying 

physiologic effects of aging on fracture repair are necessary to better understand and manage 

this staggering problem.

Factors that Affect Repair and Conditions that Contribute to Impaired 

Healing:

Numerous clinical factors have been demonstrated to impact normal bone healing (Figure 1). 

The natural aging process, age-related chronic disease, and, on occasion, treatment 

interventions can positively or negatively affect the healing process. Of note, positive factors 

can be influenced by appropriate treatment choices and surgical technique to ameliorate the 

negative impact of surgery. Minimally invasive techniques such as minimally invasive plate 

osteosynthesis (MIPO) and intramedullary stabilization have been demonstrated to preserve 

the local periosteal vascular supply while maintaining the soft tissue envelope and growth 

factor-containing hematoma that is compromised with traditional open methods of 

treatment. Load-sharing implants, locking screws, and improved design and testing of 

plating constructs provide adequate mechanical stability of a surgical repair to maintain 

fracture reduction and provide a favorable mechanical environment for direct or indirect 

fracture repair. Additionally, robust stable fixation allows for early mobilization and 

rehabilitation, reducing the long-term clinical impacts of a fracture.

Many negative factors that affect the healing process are inherently associated with aging, 

and each of the positive factors discussed above can be negatively impacted. Microvascular 

and large vessel occlusive disease can impair the local blood supply at a fracture site. The 

stability and durability of fracture fixation is greatly reduced in osteoporotic bone, and, as 

discussed below, the presence and effectiveness of growth factors in the local fracture 

environment are reduced in elderly patients.

Comorbid conditions and systemic diseases have been demonstrated to negatively affect 

fracture healing, and many of these are much more common in the elderly population. 

Obesity, diabetes mellitus, malnutrition, and malabsorption of necessary nutrients are 

prevalent in older patients. The burden of solid and hematogenous tumors and infection 

directly affect a patient’s metabolism, immune response, and healing. Medical interventions 

such as radiation treatment, chemotherapy, and corticosteroids damage the local tissue bed 

and blunt the normal inflammatory response to injury. The complex interrelationship and 

cumulative impact of all of these factors is difficult to quantify, but certainly negatively 

affect an older person’s ability to recover from a fracture.

Clinical Studies Addressing the Effects of Aging on Fracture Repair:

Despite the high incidence and impact of fractures in the elderly, there are very few large 

studies that adequately assess the impact of age on fracture healing. As there is no standard 

delineation of the geriatric age group or accurate method of determining physiologic age, 

most studies rely on a broad and somewhat arbitrary description when grouping patients. 
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Additionally, few studies exist that address aging as an independent risk factor for nonunion. 

Rather, age must be correlated with other key risk factors, as discussed above.

Xu, et al., performed a systematic review of non-displaced femoral neck fractures in patients 

over the age of 65 (2). They identified 29 studies involving 5071 patients, and grouped 1120 

patients into the nonoperative cohort, and 3951 into the operative group. They found poorer 

outcomes in the nonoperatively treated group, including union rates of 68.8% vs. 92.6% and 

osteonecrosis rates of 10.3% vs. 7.7%. The group concluded that surgery to treat non-

displaced femoral neck fractures was associated with a higher union rate and a trend toward 

reduced osteonecrosis compared to nonoperative management.

Parker, et al., examined the radiographic outcomes of patients with femoral neck fractures 

treated with internal fixation in a prospective observational study of 1133 patients. They 

found an overall nonunion rate of 19.3% and a progressive increase by age group from 1 of 

17 (5.9%) in patients less than 40 to 84 of 337 (24.9%) in the over 70 age group. When 

corrected for mortality, the incidence of nonunion in the 80+ age group continued to rise (3).

Co-morbidities, which may be considered a proxy for aging, similarly have been associated 

with an increased complication rate in the hip fracture population. In a prospective 

observational study of 122 patients under age 60 treated with internal fixation, Duckworth, 

et al. demonstrated an overall union rate of 68% and an overall complication rate of 32%. 

Failures were more common in patients over age 40, and importantly, pre-existing liver, 

renal, or respiratory disease were predictive of failure. They concluded that younger patients 

should be carefully screened for comorbidities, and those with significant concomitant 

diseases should be considered for alternate forms of treatment such as prosthetic joint 

replacement (4).

Finally, a large review of 4190 patients treated with low-intensity pulsed ultrasound was 

performed by Zura, et al. They found an overall healing rate of 96.2%, and found that 

comorbidities such as obesity, smoking, diabetes, vascular insufficiency, osteoporosis, 

cancer, and rheumatoid arthritis reduced healing rates. Patients over age 60 demonstrated 

similar healing rates to younger patients. However, the presence of comorbid conditions in 

this age group reduced healing more than in younger patients (5).

Clearly, more work is needed in large clinical studies to account for the impact of aging and 

its associated comorbid conditions to help delineate the causes of nonunion and improve the 

outcomes of older patients.

Physiology of fracture repair

Fracture repair follows a strict temporal sequence of events (6, 7). Key to each step are four 

major biological factors; cells, vascularization, extracellular matrix, and signaling molecules. 

The disruption of any one of these factors can result in fracture healing complications. 

Immediately following a fracture, a hematoma forms and the inflammatory response is 

initiated. Cells of the innate and adaptive immune system function to propagate the 

successive healing steps through secretions of cytokines and chemokines (8,9). 

Vascularization is promoted early in fracture healing and provides delivery of necessary 
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nutrients, cells, and oxygen to further promote callus formation and reorganization 

(10,11,12). As the inflammatory stage proceeds towards resolution, osteochondral stem cells 

of mesenchymal origin migrate to the callus and differentiate into chondrocytes and 

osteoblasts. Stem cells contributing to fracture repair arise largely from the periosteum and 

have been reported to originate from the bone marrow and surrounding muscle (6, 13,14). In 

endochondral ossification, bone formation is preceded by the formation of a cartilage 

provisional matrix (15,16,17). The matrix is largely composed of type II collagen and 

proteoglycans that act as a scaffold to direct subsequent mineralization and bone formation 

(18). The extracellular matrix in fracture healing provides a storage site for cytokines, 

growth factors, and cell adhesion molecules to direct appropriate cell trafficking and 

differentiation (18). Throughout all healing phases, the coordination of the cellular processes 

is controlled by signaling molecules. The involved inflammatory, progenitor, osteoblasts, 

chondrocytes, and vascular endothelial cells produce cytokines, chemokines, and growth 

factors to regulate inflammation and promote healing (19).

Increased age negatively affects the physiology of fracture healing

Cells

Poor fracture healing outcomes in the elderly may be attributable to age-related changes to 

the osteochondral stem cell population. In both human and animal studies, osteochondral 

stem cells generally demonstrate decreased quantity and capacity for proliferation and 

differentiation in aged compared to young groups (20,21,22). Lopas et al. demonstrated that 

the significantly decreased bone and cartilage volume within a fracture callus of aged 

compared to young mice was directly associated with a decrease in osteochondral stem cell 

proliferation in the aged group (23). Specifically, periosteal osteochondral stem cells also 

showed decreased quantity in aged compared to young humans (24). The stem cells that 

were isolated from the periosteum demonstrated greater oxidative damage and increased 

senescence markers in older adults compared to younger individuals (25). In animal studies, 

chondrocyte and osteoblast differentiation was delayed in stem cells isolated from the 

periosteum of aged compared to young mice (26). Other sources of osteochondral stem cells 

that contribute to fracture healing are the muscle and bone marrow (27,28). Stem cells from 

both tissues also demonstrate decrease quantity and function in aged animals and humans 

(29,30,31).

Vascularization

Adequate vascularization is required for successful fracture healing; however, age-related 

changes to the vascular system may perturb fracture healing in elderly populations. In 

general, there is decreased perfusion to the skeletal system, with decreased osseous blood 

flow in aged compared to young humans (32,33). The decreased vascularization at the time 

of fracture in an aged population may delay angiogenesis within the fracture callus, resulting 

in delayed or inadequate delivery of nutrients, cells, and vascular endothelial signaling 

molecules (32,34). Additionally, a diminished vasodilation response of the vasculature in 

aged compared to young may humans may further reduce the blood profusion at the site of 

fracture (35). In animal models, a higher density of blood vessels within the fracture callus 

of young compared to old mice was associated with earlier detection and increased quantity 
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of key biochemical regulators of angiogenesis, including vascular endothelial growth factor 

(VEGF), hypoxia inducible factor 1α, and matrix metallopeptidase 9 and 13 (11,36,37).

Extracellular Matrix

Age-related changes to the proteins and cells of the extracellular matrix may have a 

detrimental impact on fracture healing. With increased age, there is a reported decrease in 

mature enzymatic collagen cross-linking within bone, owing to a decrease in bone strength 

and toughness (38). Additionally, bone matrix proteins responsible for regulating 

mineralization of the matrix are decreased with age within the extracellular matrix (39). 

Cells of the extracellular matrix demonstrate an age-related perturbation of their response to 

mechanical stimuli resulting in impaired intracellular signaling and gene regulation with 

negative effects on tissue reorganization and maintenance (40). A provisional cartilage 

matrix is required for endochondral ossification. Timely formation, remodeling, and removal 

of the matrix is essential for subsequent bone formation. In aged animal studies, there is 

delayed formation of cartilage and a decrease in type II collagen within the callus (26). The 

extracellular matrix of the callus is a source of VEGF expression, thus delays in cartilage 

formation may limit the necessary signaling molecule within the callus (41).

Signaling molecules

The coordinated processes of fracture healing rely on the signaling molecules expressed 

from the involved cells and tissues. Bone morphogenetic proteins (BMPs) and VEGF are 

well understood to be critical for fracture healing (42,43). Reduced VEGF production during 

fracture healing has been demonstrated in aged compared to young animals (43,44). 

Additionally, the genetic regulation of these molecules is altered in aged compared young 

animals. Meyer, et al. demonstrated decreased transcriptional expression of BMP-2 within 

the callus of aged compared to young rats (45). Defective growth factor production may also 

arise from the intrinsic age-related changes to the cellular source of BMPs and VEGF. As 

described above, endothelial and osteoblast cells demonstrate decreased differentiation and 

function in aged humans and animals, a possible cause for the decreased production of BMP 

and VEGF.

Inflammation and fracture healing

Fracture healing is initiated by a robust inflammatory response. Following the initial 

response, resolution of inflammation must occur in a temporally controlled processes to 

allow for the subsequent anabolic stages of healing. An excessive or prolonged 

inflammatory phase could perturb the subsequent healing stages (46). Age-related changes 

to the inflammatory response have been attributed as an underlying cause of the myriad of 

age-related conditions and disease that affect elderly populations (47). Similarly, such age-

related changes to the inflammatory response may be responsible for the poorer fracture 

healing outcomes in the elderly.

Macrophages are powerful immune regulators locally within a fracture callus (48). They are 

present early in fracture healing as an M1 phenotype expressing pro-inflammatory 

cytokines, and macrophages are also present later in healing as an M2 phenotype expressing 
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anti-inflammatory cytokines and angiogenic and osteogenic growth factors (49,50). 

However, intrinsic age-related changes to macrophages, including decreased proliferation 

and chronic activation, may perturb inflammatory regulation within the callus (51,52). A 

detrimental effect of aged macrophages on fracture healing has been demonstrated in animal 

models. By blocking macrophage recruitment, fracture healing was improved in old mice 

compared to old mice with normal macrophage activity (53). Conversely, in the same 

experiment, blocking macrophage recruitment in young mice had a negative effect on 

fracture healing, suggesting their necessary role in fracture healing becomes perturbed with 

age (53). To investigate the direct contribution of the aged inflammatory response to fracture 

healing independently of other age-related changes to the organism, chimeric animal studies 

have been utilized. Xing et al. transplanted young mouse bone marrow into an old mouse 

before creating a tibia fracture (54). In this design, the osteochondral stem cells were derived 

from the old host and the inflammatory cells were derived from the young donor. The study 

demonstrated improved fracture healing in old mice with a young bone marrow transplant 

(54). As the inflammatory response initiates fracture healing, dysregulation of the aged-

inflammatory response may have detrimental consequences on all proceeding stages of 

healing. Therapeutic targeting of the dysregulated inflammatory response may prove 

effective for management of fractures in elderly populations (55).

Conclusion:

Fractures in the elderly represent a significant socioeconomic problem that will continue to 

increase in scope in the coming decades. There is a paucity of clinical data that isolates the 

effects of aging on bone healing from those of associated comorbidities that are frequently 

present in this age group. Basic research has demonstrated that all of the components of 

fracture repair--cells, extracellular matrix, blood supply, and molecules and their receptors—

are impacted by the aging process, which likely contributes to poorer clinical outcomes. 

Treatment strategies and new technological and therapeutic developments should address the 

multiple specific processes seen in aging tissues.
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Fig. 1. 
Clinical Factors Affecting Bone Healing

Meinberg et al. Page 10

Injury. Author manuscript; available in PMC 2020 February 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction:
	Factors that Affect Repair and Conditions that Contribute to Impaired Healing:
	Clinical Studies Addressing the Effects of Aging on Fracture Repair:
	Physiology of fracture repair
	Increased age negatively affects the physiology of fracture healing
	Cells
	Vascularization
	Extracellular Matrix
	Signaling molecules

	Inflammation and fracture healing
	Conclusion:
	References
	Fig. 1.

