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Basic Science Update

Rotator Cuff Degeneration
Etiology and Pathogenesis
Shane J. Nho,* MD, Hemang Yadav, MBBS, Michael K. Shindle, MD, and
John D. MacGillivray, MD
From the Hospital for Special Surgery, New York, New York

By virtue of its anatomy and function, the rotator cuff is vulnerable to considerable morbidity, often necessitating surgical intervention. How we intervene is governed by our understanding of the pathological mechanisms in cuff disease. These factors can
be divided into those extrinsic to the rotator cuff (impingement, demographic factors) and those intrinsic to the cuff (age-related
degeneration, hypovascularity, inflammation, and oxidative stress, among others). In an era where biologic interventions are
increasingly being investigated, our understanding of these mechanisms is likely to become more important in designing effective new interventions. Here we present a literature review summarizing our current understanding of the pathophysiological
mechanisms underlying rotator cuff degeneration.
Keywords: rotator cuff tears; rotator cuff degeneration; degenerative microtrauma

Rotator cuff degeneration is a very common orthopaedic
condition, and there are multiple factors that eventually
lead to a full-thickness rotator cuff tear. Traditionally,
these causative mechanisms have been subdivided into
extrinsic and intrinsic factors. Extrinsic factors predominately reflect demographic and anatomic variables that
interact to contribute to rotator cuff damage. Intrinsic factors are where the pathologic changes lie predominantly
within the rotator cuff muscle itself. The critical process
within intrinsic disease is likely degenerative in nature,
and we present current theories emphasizing the possible
factors that could be contributing to this degenerative
process. In many patients, it is likely their pathologic
abnormality is a byproduct of the interaction between both
intrinsic and extrinsic factors. The future of the treatment
of rotator cuff tears will likely involve biologic modulation
of the degenerative process to prevent rotator cuff tears or
optimization of the tendon repair with delivery of local
adjuvants, and an understanding of the underlying disease
process will facilitate the rationale and development of
potential treatment modalities.

EXTRINSIC FACTORS
Impingement and Acromial Shape
Neer and Poppen35 first postulated the impingement theory on the basis of intraoperative observations in more
than 400 patients with cuff tears. They concluded that 95%
of all rotator cuff tears were initiated by impingementassociated lesions, with the anterior third of the acromion
principally responsible. The degree of such impingement
was suggested by Bigliani et al5 to be related to acromial
shape. They noted that the shape of the acromion varied in
its sagittal plane, with 3 broad classifications of acromions.
Type I, or flat acromions, were seen in 17% of cuff tears;
type II, or curved acromions, in 43% of tears; and type III,
or hooked acromions, in 39% of cadaveric full-thickness
cuff tears. MacGillivray et al30 demonstrated that laterally
sloping acromions were also positively correlated with cuff
disease. Wang et al51 analyzed more than 200 patients and
showed that the success of conservative management
decreased with changes in acromion shapes: type I
acromions responded in 89% of cases, type II in 73% of
cases, and type III in just 58.3% (P < .008).
Early studies suggested that acromial shape was agestable and, consequently, a predominantly congenital
trait.36 Wang and Shapiro,52 however, examined the acromial morphologic characteristics in a large cohort of
patients and demonstrated a statistical progression from
type I to type III acromion with age. Such an age-related
progression would tie in with the epidemiological evidence
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linking age with cuff tear prevalence. An explanation of
how such a progression could take place was suggested by
Shah et al,43 who provided histological and radiographic
evidence for acromial shape being acquired through traction forces rather than simply congenital. Significantly,
this implies that acromial variations and impingement are
secondary to another primary intrinsic initiating factor.
Whether acromial shape truly is congenital or acquired
remains controversial.
Neer’s hypothesis of impingement as the crucial etiological factor in rotator lesions has led to subacromial decompression being accepted as an important and generally very
successful treatment for relieving shoulder pain associated
with tendinopathy. However, Flatow et al13 suggested that
a superior stability of the shoulder in patients with massive
tears was achieved via an intact coracoacromial arch, and
therefore not all patients would necessarily benefit from an
acromioplasty operation. Hyvonen et al23 analyzed 96
patients treated with acromioplasty for impingement and
found that despite the decompression, 20% still experienced
a rotator cuff tear in the next 9 years. While it could be
argued that the damage in these cases had already been
done before the time of the repair, it does question the precise importance of impingement in the cause of these
injuries. A histology study by Ko et al25 suggests a middle
ground. They provide evidence for articular side tears being
predominantly derived from degenerative changes and bursal side tears being derived from trauma secondary to
impingement. They conclude by advocating acromioplasty
in all bursal-side partial tears and in articular-side tears
only if evidence of an acromial spur was present.

Demographic Factors
The relationship between epidemiological variables and
rotator cuff lesions is a difficult one with relatively little
quality data available. Increasing age is the best-correlated
independent variable and is discussed more fully later.
A well-documented theory is the association between
mechanical overuse and cuff tearing. Consistent with such
an association, there is more often symptomatic disease in
dominant arms than in nondominant arms.53 However,
36% of those with a full-thickness symptomatic cuff tear
had a full-thickness tear of the contralateral nondominant
side. This likelihood rose to 50% in those older than 66
years of age. Another study examining the possible role of
overuse in rotator cuff injury showed that 28% of symptomatic patients had a full-thickness tear in their nondominant arm only.20 When patients were asked about the
levels of their activity, 70% of full-thickness tears occurred
in sedentary individuals who did light work only. While
these numbers certainly suggest that mechanical factors
might have a role in contributing to cuff disease, they are
likely to be only one of several factors acting in concert
within susceptible individuals. This is discussed in more
detail below with the degeneration-microtrauma model.
Smoking has also been associated with poorer outcomes in
patients with rotator cuff disease, particularly with regard to
tendon healing and repair. Smokers are less likely to respond
favorably to cuff repair operations, with significantly reduced

postoperative function and patient satisfaction, and
increased pain scores relative to nonsmoker controls.31 In a
rat animal model study, Galatz et al15 demonstrated that a
significant factor in this regard could be the deleterious
effects of nicotine on tendon healing. They implanted osmotic
pumps in 72 rats, delivering either nicotine or saline solution
to the area around the cuff repair. At the 56-day endpoint, the
nicotine group showed increased persistence of inflammatory
markers, reduced mechanical properties, and reduced collagen concentrations relative to the saline controls. Although
the nicotine concentrations are likely to be supraphysiological in this instance, the effects of nicotine demonstrated in
this model may certainly apply to humans. Indeed, other factors that reduce tendon healing, such as diabetes mellitus,
are also associated with rotator cuff lesions.8

Summary of Extrinsic Factors
Rotator cuff disease may be initiated, or at least propagated, by factors extrinsic to the cuff itself. These factors are
broadly grouped into anatomical and environmental. Of the
anatomical factors, the best characterized is acromial morphologic characteristics. Hooked, curved, and laterally sloping acromions are strongly associated with cuff tears and
may contribute by causing tractional damage to the tendon.
Patients with such anatomy are likely to benefit most from
a subacromial decompression, particularly if their tear is
bursal-side in origin. Conversely, flat acromions may have a
minimal contribution to cuff disease and consequently are
often best treated conservatively. The development of these
different acromial shapes is likely both congenital and
acquired. With acquired causes, only age has been positively correlated to progression from a flat to a curved or
hooked acromion. Frequency, intensity, and nature of
mechanical activities, including sports, may be responsible;
however, data in this regard are lacking. Moreover, a progression to a hooked acromion may simply be an adaptation
to an already damaged, poorly balanced rotator cuff that is
creating increasing stress on the coracoacromial arch.
Other anatomical factors that may have significance
include os acromiale and acromial spurs, which have been
well documented elsewhere.4 Environmental factors implicated include increasing age, shoulder overuse, smoking,
and any medical condition that impairs the inflammatory
and healing response such as diabetes mellitus. However, in
general, there is a lack of in-depth epidemiological data on
this condition, likely due to its multifactorial, insidious, and
often asymptomatic presentation.

INTRINSIC FACTORS
Intrinsic factors encompass the range of mechanisms that
occur within the rotator cuff itself. Chief among these is a
degenerative-microtrauma model, which supposes that
age-related tendon damage compounded by chronic microtrauma results in partial tendon tears that then develop
into full rotator cuff tears. As a result of repetitive microtrauma in the setting of a degenerative rotator cuff tendon,
inflammatory mediators alter the local environment,38,45
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and oxidative stress induces tenocyte apoptosis10,54-56 causing further rotator cuff tendon degeneration. The neural
theory suggests neural overstimulation leads to the
recruitment of inflammatory cells and may also contribute
to tendon degeneration.41

Degeneration-Microtrauma Theory
Rotator Cuff Tendon Degeneration. Epidemiological studies certainly support a relationship between age and cuff
tear prevalence. Tempelhof et al47 found a positive correlation between age and cuff tears on ultrasound examination
of more than 400 asymptomatic volunteers screened. The
frequency of such tears increased from 13% in the youngest
group (aged 50-59 y) to 20% (aged 60-69 y), 31% (aged 7079 y), and 51% in the oldest group (aged 80-89 y). That such
high tear prevalence was seen in asymptomatic volunteers
even led Tempelhof et al47 to suggest that rotator cuff tears
could be seen within the framework of “normal” aging
rather than an endpoint of an overtly pathological process.
Histological evidence supporting a degenerative cause also
exists. Kannus and Jozsa24 reviewed acute, subacute, and
chronic cuff ruptures in 891 tendons and found evidence of
degenerative change in 97% of these. Age-related changes
seen in the tendon included loss of cellularity, loss of vascularity, and loss of fibrocartilage mass at the site of the cuff insertion.4 Such changes are typically not seen in younger
individuals.27 In a recent study of 80 postoperative rotator
cuff specimens, Hashimoto et al22 found 7 characteristic features of age-related degeneration in the tissue specimens. In
all 80 cases, they found thinning and disorientation of the collagen fibers, myxoid degeneration, and hyaline degeneration.
The other degenerative changes included vascular proliferation (34%), fatty infiltration (33%), chondroid metaplasia
(21%), and calcification (19%). Of these, only vascular proliferation and fatty infiltration were more common on the bursal
side relative to the articular side. The authors supposed that
these 2 changes reflected reparative processes, stemming
from the more vascular areas of the cuff. The remaining 5 features were thought to be primarily degenerative changes contributing to a reduced tensile capacity.24
Several histology studies have tried to find mediators for
the changes above. A biochemical mediator for tendon
retraction was postulated by Premdas et al39 who found
increased levels of smooth muscle actin (SMA) within the
nonvascular connective tissue cells immediately surrounding torn rotator cuff edges in 7 human cuff explants.
Smooth muscle actin in vitro leads to contraction of collagen-glycosaminoglycans compounds, substances found in
considerable concentrations within the rotator cuff. In
vivo, this may translate into SMA cells causing the damaged cuff to retract with the increasing distances at the
repair margin, which results in an inhibition of healing.
Other studies have emphasized the role of altered collagen fiber quality as an important mediator of cuff degeneration.27 In health, the central zone of the supraspinatus
tendon is primarily composed of type I collagen with smaller
amounts of type III collagen, decorin, and biglycan. In contrast, the fibrocartilaginous zone of the tendon insertion
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against the humerus is primarily composed of type II collagen, a collagen subtype often associated with withstanding
compressive loads. In diseased rotator cuff there is an
increase in the levels of type III collagen within the fibrocartilaginous zone, a collagen subtype associated with tendon healing. There was a concurrent decrease in levels of
type II collagen.27 It is unclear how much of the alteration
in collagen composition is an age-related degeneration, progressive injury,42 or a result of changing patterns of use.2
Irrespective of cause, the reported change in collagen composition could plausibly reduce the tendon’s ability to withstand the compressive loads traditionally associated with
type II collagen.
Microtrauma Theory. Advocates of the microtrauma theory suggest that repetitive stresses lead to small injuries
within the tendon that are given an insufficient time to heal
before further trauma. The combination of weaker cuffs with
a single traumatic insult, or progressive microtrauma, then
lead to cuff tearing. These findings are consistent with the
early studies of Codman9 that demonstrated that partial
cuff tears typically began on the articular side of the tendon,
because the load capacity of the bursal side is higher than
that of the articular side, making the articular side more
prone to damage. Typically after the deep fibers tear, they
retract because they remain under tension even with the
arm at rest. This results in an increased load on the remaining fibers that increases the likelihood of further rupture.32
A repetitive microtrauma model also implies the possibility of an inflammatory component—both acutely with
any injury and chronically with any reparative process.
The rat animal model has been used to model repetitive
overuse lesions, mirroring the repetitive motion of the
supraspinatus under the acromial arch.45 In this animal
model, overuse leads to a progressive downregulation of
gene expression in transforming growth factor beta-1
(TGF-β1) and the normal collagen constituents within the
rat supraspinatus tendon, consistent with what is seen in
the human degeneration studies mentioned earlier.27
There was also an increase in cellularity, loss of collagen
orientation, and alterations in gross cell morphologic characteristics. By the end of the trial period (13 weeks), the
tendons had a higher cross-sectional area and lower loadto-failure with respect to controls. In a separate study,
Perry et al38 looked at the inflammatory environment of
the cuff in rats undergoing repetitive microtrauma injuries
using reverse-transcriptase polymerase chain reaction
(RT-PCR). They found acute increases in angiogenic messenger ribonucleic acid (mRNA) markers (VEGF) peaking
at 3 days to roughly 400% of preprotocol levels, and subacute increases in inducible cyclo-oxgenase (COX-2), peaking to roughly 300% of normal levels at 8 weeks after
initiation of the overuse protocol. Taken together, these 2
studies38,45 by the Soslowsky group not only support
chronic overuse as an etiological factor in tendon degeneration, but also imply an important role for angiogenic and
inflammatory mediators.
In vitro studies of human tendon remains the only current live human model capable of hypothesizing the
response to microtrauma in the acute situation. In such
cases, progressive cyclic loading of tendons ex vivo is used
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to mimic the tissue injury that would occur with microtrauma in vivo. Tsuzaki et al48 investigated the biochemical cascade of interleukin-1 beta (IL-1β) on human tendon
cells on the basis of in vivo studies that suggested it may
be a proinflammatory mediator. Using semiquantitative
RT-PCR, they found an increase in mRNA levels of COX-2
mirrored with an increase in tissue concentrations of
prostaglandin E2 (PGE2). In addition, they found increased
mRNA expression of matrix metalloproteases (MMP),
specifically MMP-1, MMP-3, and MMP-13, as well as nonlymphocyte tissue production of the proinflammatory
cytokine IL-1β that amplified the original exogenous
cytokine delivery. While the importance of IL-1β to cuff
tears remains inconclusive in vivo,18 if true, this study supposes the painful symptoms of cuff disease are mediated
via COX-2 and PGE2 , while the loss of tissue architecture
is mediated by the range of MMPs released by the activated tendons. There are 2 studies that further support
these conclusions. First, Koshima et al26 measured the
mRNA expression of the same mediators after a surgical
tear of the rabbit rotator cuff and found increased concentrations of IL-1β (peak = day 1) and COX-2 (peak = day 7)
after the tear. Subsequently, Li et al28 showed that in
response to cyclic tensile loading, human fibroblasts
release the inflammatory mediators PGE2 and leucotriene
B4. However, while the delivery indomethacin (a cyclooxygenase inhibitor) and MK-886 (a synthetic leukotriene
antagonist) reduced the levels of PGE2 and leukotriene B4,
respectively, any reduction resulted in compensatory
increases of the other mediator.
Inflammation. There are also numerous studies somewhat more equivocal about the importance of an inflammatory component in cuff disease. Histology studies notably
have failed to find a significant chronic inflammatory environment in rotator cuff tears and other tendinopathies in
cadaveric and postsurgical specimens.3 Some studies have
noted revascularization intraoperatively22 and preoperatively via powered Doppler ultrasound,37 which is broadly
consistent with other chronic inflammatory conditions such
as osteoarthritis.6 Nonetheless, the current human in vivo
evidence base for a strong inflammatory component
remains relatively weak.
Oxidative stress and apoptosis. Another mediator for
age-related degeneration may be the accumulation of reactive oxygen species (ROS) leading to oxidative stress and
increased cell apoptosis, which already has been implicated in damage to several other organ systems.10 Yuan
et al56 noted an increased proportion of apoptotic cells at
the edge of a rotator cuff tear (34%) compared with controls (13%). They also demonstrated that exposure of cultured human rotator cuff tendon to oxidative stress via
exogenous administration of H2O2 resulted in increased
levels of both cytochrome-c and caspase-3 (key apoptotic
mediators) within the tendon cells.55 Further studies
reported upregulation of a novel antioxidant peroxidase
recently identified in mammals, peroxiredoxin 5 (PRDX5),
within degenerated rotator cuff in vivo, and in response to
H2O2 oxidative insults in vitro.54 Overexpression of PRDX5
via transfection in cultured tendon reduced tendon apoptosis by 46% and provided a small but noticeable increase in

neocollagen synthesis. The implication from these studies
is that PRDX5 not only has a protective role in human cuff
degeneration, but that oxidative damage–induced apoptosis may be a significant, and possibly modifiable, contributor to rotator cuff degeneration.
If oxidative stress is indeed an important factor in
tendinopathy, what could the effector mechanisms be? Two
key candidates have received recent consideration—Matrix
metalloproteinase-1 (MMP-1) within the extracellular
matrix and c-Jun N-terminal protein kinase (JNK) within
the intracellular environment. Matrix metalloproteinase-1,
or its precursor, pro-MMP-1, is found in normal tendon at
very low concentrations to effect the natural turnover of
collagen (in particular, type I collagen, the main constituent
of healthy tendon). Matrix metalloproteinase-1 concentrations are increased in damaged tendon, possibly leading to
disorganized tissue architecture, reduced collagen synthesis, and weakened tendon biomechanics.17 c-Jun N-terminal
protein kinase-1 is a mitogen-induced protein kinase
(MAPK) that is induced in tendons by both IL-1 (a proinflammatory cytokine) and by cyclic mechanical stretch,
among others.44 When phosphorylated, the JNK family
activates a number of downstream transcription factors
linked to the apoptotic pathway.12 The Murrell group50
demonstrated that JNK and MMP-1 levels were increased
in torn supraspinatus specimens in vivo, and when tendon
specimens were cultured in H2O2, they showed increased
expression of JNK1, JNK2, and MMP-1. If JNK-specific
inhibitors were used, there was reduction in MMP-1 levels
8 to 24 hours later. Taken together, this implies a high-level
role in the apoptotic pathway for JNK in the response to
tendon injury, with MMPs being one of the downstream
effectors. The cumulative effect of this activation could then
have a contributory effect to tendon degeneration at a biochemical level. c-Jun N-terminal protein kinase-2 knockout
mice engineered for a collagen-induced arthritis mouse
model showed a reduced expression of MMP-3 and MMP-13
and a reduction in cartilage erosion, which supports the
upstream role of JNK in the regulation of the extracellular
matrix.19 A possible model pathway of how this may occur
is illustrated in Figure 1.

Summary of DegenerationMicrotrauma Synergy
The degeneration-microtrauma model is likely to be critical in the development of cuff disease in many patients.
Degeneration of rotator cuff tendon is multifaceted, and a
number of studies have attempted to elucidate the biochemical pathway.17,19,44,50,54-56 There is evidence to support
the role of inflammatory mediators and suggest that the
symptoms of rotator cuff tendinopathy are mediated by
COX-2 and PGE2, and the loss of tissue architecture is
mediated by the MMP. In addition, studies have also implicated oxidative stress causing tenocyte apoptosis via MMP
within the extracellular matrix and JNK within the intracellular environment. On a histological evaluation, degeneration is characterized by loss of cellularity, vascularity,
tissue architecture, and fibrocartilaginous mass within the
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humeral head, it is possible that avascularity may be a
contributory factor.
Fealy et al11 conducted a study to assess the vascular
pattern after rotator cuff repair compared with a group of
asymptomatic controls. They determined that after surgery, the repaired rotator cuff experiences a robust vascular response, particularly in the peritendinous region, that
decreases predictably over time.11 The study provides evidence that rotator cuff blood flow has the potential to
change with implications of increasing the recruitment of
blood flow as an adjuvant either before or after surgery.

Neural Theory of Tendinopathy
Cellular function

Extracellular matrix degradation

Tendon degeneration

Figure 1. Rotator cuff degeneration secondary to oxidative
stress and apoptosis: a possible pathway.50

cuff resulting in a mechanically inferior tendon. This is
then compounded by repetitive microtrauma—mechanical
loading of degenerative tendon leading to several small
tears that only partially heal until the tendon is so weakened that a full-thickness tear develops.

Cuff Vascularity
It has been traditionally taught that there exists a “critical” or hypovascular zone 10 to 15 mm proximal to the
insertion of the supraspinatus tendon,29 but these assertions have increasingly become an area of controversy.
Moseley and Goldie34 examined capillary distributions in
cuff specimens and concluded that no hypovascular areas
exist. Brooks et al7 determined that both vessel diameter
and number were approximately reduced by a third just
5 mm from the cuff edge compared with 30 mm from the
edge, but determined no significantly hypovascular areas
exist. They concluded that hypovascularity was a minimal
contributor, if at all, to cuff tears.
Indeed, in torn rotator cuff tendons, histologic and
immunohistochemical analyses have reported relative
hyperperfusion at the area of the critical zone.14 This has
been supported by intraoperative laser Doppler flowmetry
that showed no hypoperfusion in vivo and hyperperfusion
at the tear edge.46 The hypervascularity in such cases is
thought to come from proliferation in the subsynovial layer
in response to injury.49 Taken together, these data have
cast considerable doubt on the importance of the “critical
zone” in supraspinatus lesions.
Despite this, a possible role for hypovascularity may still
remain. This stems from the observation that perfusion
within the rotator cuff is a dynamic phenomenon, with
markedly reduced perfusion when the arm is in full adduction.40 In situations with supraspinatus compressed at the

Molloy et al33 performed a microarray analysis of the
supraspinatus tendon in the rat after overuse and found
increased expression of a range of glutamate-signaling proteins. They went on to culture tendons in glutamate and
found an increase in apoptotic frequency. Glutamate, a peptide normally associated with central nervous system (CNS)
signaling, has already been extensively implicated in the
pathogenesis of Achilles tendinopathy.1 Together with
Substance P (recently found in increased concentrations in
diseased rotator cuff16), it is now also implicated in the
emerging “neural” theory of tendinopathy.41 This theory proposes that neural overstimulation in response to overuse
leads to a recruitment of inflammatory cells, a phenomenon
already noted in vivo.21 This recruitment could then lead to
painful symptoms as well as reorganization of rotator cuff
architecture, leading to structural weakness and cuff damage. In addition, the repeated stimulation could result in an
“excitotoxic” reaction within the tendon leading to apoptosis,
similar to what is seen with glutamate-induced apoptosis of
CNS neurons.33 Although clearly speculative, such a theory
remains an exciting vein of study for future research.

CONCLUSION
Emerging scientific studies have elucidated the complex
process of rotator cuff degeneration. There are a number of
theories implicated in rotator cuff degeneration leading to
full-thickness tears. Acromial shape in particular probably
contributes to bursal-sided rotator cuff tears. More commonly, rotator cuff tears are thought to begin on the articular side in the setting of age-related degeneration and
repetitive microtrauma. In the degeneration-microtrauma
model, an inflammatory process causes changes in the
local milieu, which alters tendon gene expression and
histopathology. Additionally, oxidative stress leads to tenocyte apoptosis via the JNK-MMP pathway and likely contributes to further tendon degeneration. The more recent
neural theory suggests that overuse causes neural overstimulation and may also contribute to the painful symptoms as well as local inflammation and apoptosis. The
repetitive loads on the degenerative rotator cuff leads to a
vicious circle such that partial-thickness and eventually
full-thickness rotator cuff tears develop. With an improved
understanding of tendon degeneration, potential therapeutic modalities may be developed for the treatment of rotator cuff tendinopathy.
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The search for potentially modifiable mediators for these
changes is difficult, but several candidates have been proposed. Inflammatory and apoptotic pathways may be particularly significant in this regard. A number of “low-level”
mediators have been demonstrated in animal models and
human ex vivo models. These include arachidonic acid
metabolites (prostaglandins, leukotrienes), MMPs, tissue protein kinases (such as c-JNK), apoptotic mediators (caspases,
cytochrome-c), and reactive oxygen species. This in turn may
lead to a number of “high-level” targets for pharmacological
intervention: cyclo-oxygenase (responsible for prostaglandin
synthesis) through the use of nonsteroidal anti-inflammatory
drugs; phospholipase A-2 (responsible for all arachidonic acid
metabolites) through corticosteroids; cytokines such as Il-1β
again through corticosteroids; and antioxidants to “mop up”
the proapoptotic reactive oxygen species. These may be delivered systemically or locally, similar in principal to tacrolimuseluting stents in coronary artery disease. However, the
evidence for such agents is lacking, and further study of these
processes will be needed before they can be reasonably incorporated into biologic interventions.
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