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Abstract

The companion dog is the most phenotypically diverse species on the planet. This enormous
variability between breeds extends not only to morphology and behavior but also to longevity and
the disorders that affect dogs. There are remarkable overlaps and similarities between the human
and canine species. Dogs closely share our human environment, including its many risk factors,
and the veterinary infrastructure to manage health in dogs is second only to the medical
infrastructure for humans. Distinct breed-based health profiles, along with their well-developed
health record system and high overlap with the human environment, make the companion dog an
exceptional model to improve understanding of the physiological, social, and economic impacts of
the longevity dividend (LD). In this review, we describe what is already known about age-specific
patterns of morbidity and mortality in companion dogs, and then explore whether this existing
evidence supports the LD. We also discuss some potential limitations to using dogs as models of
aging, including the fact that many dogs are euthanized before they have lived out their natural life
span. Overall, we conclude that the companion dog offers high potential as a model system that
will enable deeper research into the LD than is otherwise possible.

In a 2006 paper in 7he Scientist, Olshansky and colleagues introduced the notion of the
longevity dividend (LD), which is defined as the social, economic, and health bonuses for
both individuals and populations that accrue as a result of medical interventions to slow the
rate of human aging (Olshansky et al. 2006). These investigators posit that, although
permanently curing one or two chronic age-related diseases (e.g., heart disease, cancer)
might lengthen both life span and health span a bit, a much more potent effect would result
from slowing the underlying aging processes, which would reduce the risk and/or delay the
age of onset for most or all age-related maladies. These maladies include fatal and disabling
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diseases but also include nonfatal conditions, such as joint pain, hearing loss, dementia, or
muscle weakness, which can degrade the quality of life.

The LD hypothesis rests on two key assumptions, one pathophysiological and the other
demographic. First, the LD hypothesis assumes that if we ameliorate the underlying
biological processes that drive aging, then necessarily we will reduce the frequency or delay
the onset of most or all age-related disorders. Second, if we succeed in retarding the rate of
aging, the period of debility toward the end of life will be compressed or at least maintained
rather than lengthened. That is, we will extend the healthy phase of life without also
extending the unhealthy phase.

Empirical evidence supporting both of these assumptions is mixed. In model laboratory
species, interventions that increase longevity have been shown to retard some age-related
functional declines, but to exacerbate others. For instance, with dietary restrictions (DRS) in
laboratory mice, the poster child for extended health span studies, many aspects of health are
in fact extended (Weindruch and Walford 1988). However, there are also some health
downsides, such as increased susceptibility to some infectious diseases (Gardner 2005;
Goldberg et al. 2015) and slowed wound healing throughout life (Reiser et al. 1995), not just
near its end. Also, many genetic and environmental alterations that extend life span are
associated with decreased fertility (Austad 2014). Although compromised fertility might not
be directly related to mortality, it is certainly an important measure of the functional
limitations of aging that Fries (1980) discussed in his classic paper on the compression of
morbidity. A recent study in the laboratory nematode, Caenorhabditis elegans, was really the
first to attempt to define worm health comprehensively and found while some—but by no
means all—of four common worm longevity mutations increased the period of healthy life,
all of these mutations also increased the duration of unhealthy life (Bansal et al. 2015).

Even what we know about humans, whose life spans have nearly doubled in the past 180
years (Oeppen and Vaupel 2002), is complicated. Mortality in general, and especially among
the elderly, has continued to decline in virtually all developed countries, including the
United States. This decline has been accompanied by prolonged health and morbidity
compression ina number of countries (Thatcher et al. 2010). However, some indicators of
later-life health, such as functional mobility, appear to be have worsened since the last years
of the 20th century (Crimmins and Beltran-Sanchez 2011), and this is a particularly
worrisome trend among cohorts of the “near elderly” (Freedman et al. 2013). Additionally,
in global surveys over the past 20 years, life expectancy at birth appears to be increasing
more rapidly than healthy life expectancy, suggesting that more unhealthy years of life may
be in our future (Salomon et al. 2012).

These debates make clear that to fully appreciate the consequences of extended longevity,
both beneficial and deleterious, we need to develop a comprehensive understanding of the
underlying causes of mortality, of how risks associated with these causes change with age,
and of the impact on health span of reducing or eliminating cause-specific mortality as
contrasted with an overall slowing of the rate of aging.
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These challenges are addressed throughout this collection, including discussion of the
potential to study the LD in common laboratory model species, such as the nematode worm
C. elegans, the fruit fly Drosophila melanogaster, and the house mouse Mus musculus.
Although these model organisms have obvious strengths for providing insight into the
dynamics of life span versus health span, they also suffer from various limitations.
Especially in worms and flies, we have a limited understanding of the underlying causes of
death and our measures of health in these species are also not well developed, tending to
focus on traits such as stress resistance, locomotion, mating behavior, or feeding rates
(Burger and Promislow 2006; Bansal et al. 2015). In mice, the limitations are somewhat
different. Although mouse postmortem histopathology is quite sophisticated, determination
of health status in living animals is crude and still being developed. Currently, mouse health
assays mainly use tools that were developed to assess genetically induced diseases. Mice
that are commonly used in research also die of a restricted range of causes that do not reflect
common causes of human deaths. For instance, mice do not spontaneously develop
atherosclerosis and seldom develop neurodegenerative diseases. Even the common cancers
that spontaneously develop in mice differ considerably from the common cancers in people.
Mouse cancers are primarily lymphomas and sarcomas rather than the carcinomas that
dominate the cancer spectrum in aging humans (Chang 2005).

In this review, we explore the possibility that companion dogs might offer an excellent
model to study the potential of the LD to increase human health span. Dogs offer a number
of strengths relative to existing animal model systems. First, our understanding of age-
specific morbidity and mortality in companion dogs, and the medical infrastructure to treat
their diseases, are second only to that of humans. Second, variation between breeds in their
frequency of different age-specific diseases points to a strong genetic component. Third, the
complex nature of dog behavior and physiology, both healthy and pathological, and the fact
that these companion animals share our homes and our daily routines, suggests that we can
develop meaningful measures of health span in companion dogs that will also be relevant in
humans. Fourth, the shorter average life spans of dogs, ~ 12 years (O’Neill et al. 2013)
compared with humans means that we can obtain results much faster, enabling speedier
recommendations for improved human health. And, finally, there is value to understanding
aging in dogs not only as a model for humans, but also because dogs are enormously valued
as companions and owners want their older dogs to be healthy.

DOGS, AGING, AND THE LONGEVITY DIVIDEND

Dogs have been living in association with humans for at least 15,000 years and likely were
domesticated multiple times across Eurasia from groups of wolves that foraged on refuse
from human encampments (Larson et al. 2012; Freedman et al. 2014). Millennia of co-
evolution followed, such that humans became particularly sensitive to dogs’ postural
communication and vice versa (Miklosi and Soproni 2006; Kaminski et al. 2012), and dogs
have been used in a vast array of human activities from hunting to herding to bomb, drug,
and cadaver detection to assistance for the disabled to simple companionship.

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2017 September 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Creevy et al.

Variability

Mortality

Page 4

Thanks to selective breeding for particular purposes and the aesthetics of breed
development, dogs stand out as the most phenotypically variable mammal on earth. From
even the most cursory observation of dogs playing in the park, the breadth of both behavioral
and morphological diversity within this species is striking. Equally impressive is the
demographic variation that we see between different dog breeds, with life expectancy
varying from ~6 years to 16 years (Egenvall et al. 2005a; Adams et al. 2010; O’Neill et al.
2013).

This variation points to a strong genetic basis not only for visible phenotypes, but also for
longevity and disease predisposition. Moreover, breed-specific risks of morbidity and
mortality are strongly associated with breed-specific differences in size (Li et al. 1996; Greer
et al. 2007; Kraus et al. 2013). Unlike the pattern across mammalian species, in which larger
species tend to live longer (Austad and Fischer 1991; Promislow 1993), within the
domesticated dog, the smaller breeds, such as Chihuahuas and Toy Poodles, typically live
longer than the largest breeds, such as Great Danes and Irish Wolfhounds (Kraus et al.
2013). Indeed, in dogs, on average, an increase in size by 10 kg is associated with 6 months
to a year of reduced life span (Greer et al. 2007; O’Neill et al. 2013). A similar within-
species pattern of exceptionally small genotypes living longer than larger genotypes is found
in mice, rats, and horses (Rollo 2002; Miller and Austad 2006).

Just why small breeds or genotypes within species tend to live longer than large breeds or
genotypes is not yet fully understood. In mice, a broad swath of evidence implicates
circulating levels of insulin-like growth factor 1 (IGF-1) as a major contributor (Tatar et al.
2003; Yuan et al. 2009). It turns out that much of the body size variation among dogs is
explained by polymorphism in the IGF-1 gene (Sutter et al. 2007; Greer et al. 2011). This
hints, but does not yet prove, that like in mice, IGF-1 signaling might also be a major
contributor to longevity differences in dogs.

To fully understand the potential for an LD, we need to understand much more than just the
genetics of longevity. We need to understand details of the relationship between morbidity
and mortality as well as their underlying causes. The companion dog has the potential to
contribute greatly in this area because of the wide breed-specific variation in both morbidity
and mortality (Bonnett et al. 2005; Egenvall et al. 2005a; Fleming et al. 2011; Kraus et al.
2013).

From a purely demographic perspective, the study of aging is the study of population
patterns in age-specific mortality rates. The LD highlights the importance of measuring
aging in terms of age-related changes in pathophysiological processes and comorbidities.
But, at present, the state-of-the-art focuses on age-specific mortality rates, so let us start with
a bit of background and mortality rate analysis. The LD hypothesis assumes that the rate of
aging can be slowed. What, precisely, is the rate of aging? Biodemographers commonly
focus on the “actuarial rate of aging,” which is determined by age-specific mortality rates.
Age-specific mortality rates can be intuitively thought of as crude measures of population
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health. If, say, 1% of 25-year-olds die in one population and 10% of 25-year-olds die in
another, then the latter population appears to be substantially less healthy at age 25,
assuming the two populations are in comparable environments. In almost every animal
species studied, including humans, adult mortality rates increase with age in a pattern
described effectively by the Gompertz model (Gompertz 1825; Promislow 1991; Finch
1990). The Gompertz model describes {1, the mortality rate at age x; using two parameters:
a “baseline” mortality rate a, usually the lowest mortality rate achieved in adulthood, which
occurs around the time of sexual maturity, and an age-dependent parameter f:

pa=ae™. (1)

If we plot the logarithm of mortality rate against age, the Gompertz curve is a straight line,
where the actuarial rate of aging is given by B, which is the slope of this line. In contrast, a
can be thought of as the “intercept” or “elevation” of this line. Intuitively, the Gompertz
slope measures the rate of increasing susceptibility to death. A steep slope indicates
organisms that deteriorate quickly. A slightly more detailed equation, known as the Siler
model, includes a common pattern of initially high juvenile mortality that declines with age

(Fig. 1).

From a Gompertzian perspective, longevity in a population can be increased by decreasing
a, which lowers mortality by an equal proportion at all ages, or by decreasing p, which
reduces the slope, or a combination of both. Biodemographers often focus on decreasing the
slope as the only valid metric of a slowed aging rate, because the slope is a measure of how
fast things deteriorate. Although this is a valid demographic point, from a health span
perspective, it may be preferable to lower a.. Assuming that the absolute mortality rate at any
age is an indicator of population health at that age, then lowering a increases health at all
ages by an equivalent amount, whereas decreasing p increases the health of the young by a
small amount and of the old by a larger amount. Best of all, of course, would be to lower
both.

Interestingly, whether genetic or environmental interventions that lengthen life do so by
lowering a versus B might depend on the species in question. Such interventions in flies
mostly lower a (Promislow et al. 1996), whereas in worms they mostly lower B (Chen et al.
2007). In mice, it depends on the intervention—some lower one parameter, some the other
(de Magalhaes et al. 2005). In humans, most of the increase in life span seen over the past
two centuries is caused by a dramatic reduction in early-age mortality, such that we see a
large decrease in intercept but an increase in slope (Burger et al. 2012).

Where does the domestic dog fit into this pattern? Is the longevity advantage in small breeds
compared with large ones primarily owing to a decrease in the Gompertz slope or intercept?
A recent study by one of us suggests that variation in longevity among dog breeds is
primarily a function of changing the slope (Kraus et al. 2013). The study relied on data from
the Veterinary Medical Database (VMDB) in which exact age at death for the dogs is
unknown. Ages at death in the VMDB are placed into bins of varying sizes. For older dogs,
one bin comprises animals that died at any time between 10 and 15 years of age, and dogs
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older than that are simply listed as 15+. As other data sets with more detailed age-at-death
information are compiled, such as VetCompass (O’Neill et al. 2013), we will be able to more
accurately determine exactly how rates of aging vary between breeds, assuming that we can
come to an agreement on a definition of aging.

Does it matter for the LD whether longevity is enhanced by lowering a versus lowering p?
In its original formulation, a goal of the LD is “a modest deceleration in the rate of aging
sufficient to delay all aging-related diseases and disorders by about seven years” (Olshansky
et al. 2006, p. 32). This would seem to indicate that a lower slope was the goal. On the other
hand, 7 years was chosen as atarget, because the mortality rate in humans doubles
approximately every 7 years. Thus, one could imagine that the investigators envisioned the
LD occurring because all aging-related diseases and disorders were delayed by 7 years,
halving the mortality rate at every age—reducing a, in other words, to what it had been 7
years earlier in life (Olshansky et al. 2006). Thus, 50-year-olds would, in principle, achieve
the health that 43-year-olds formerly enjoyed, and 57 would be the new 50. This sounds a lot
like retarded aging to many of us.

Any reasonable goal of health-related research should include improving and prolonging
health. Let us admit that age-specific mortality is a very crude measure of population health.
Its related concept, morbidity, describes the consequence of myriad diseases that can
significantly affect frailty and health span. A full understanding of the potential for an LD
requires that we understand age-specific risks of mortality and morbidity. Dog breeds vary
not only in “when” they die, they also vary tremendously in “why” they die. For the
common dog breeds, there is an extensive literature on common ailments and causes of
death. For example, Doberman Pinschers have high rates of morbidity and mortality caused
by cardiomyopathy, Dachshunds suffer from intervertebral disc disease, and Miniature
Schnauzers develop diabetes more often than other common breeds (Hess et al. 2000; Wess
et al. 2010). And even for rarer breeds, we can identify highly specific “morbidity profiles”
for each breed from large health databases that provide sufficient study sample sizes
(Fleming et al. 2011).

Health is not simply delaying the onset or slowing the progression of fatal or potentially
fatal diseases. As Bellows et al. (2015) make clear in a recent comprehensive review of
healthy aging, many nonfatal maladies of aging, such as joint pain, hearing and vision loss,
and muscle weakness, are common in aging dogs. Of particular relevance to this review, we
find that just as in humans there are many fatal and nonfatal maladies in dogs that increase
with age. As Waters (2011) has noted, what we can measure in humans, we can measure in
dogs. So identifying and exploring these maladies in dogs should be as successful as it is for
humans. This illustrates the possibility to examine whether slowing aging in dogs might
delay the onset, or reduce the frequency, of cancer, heart disease, and diabetes as well as
reduce joint pain and maintain mobility and sensory function.

As we noted previously, body size accounts for much of the variation in the timing of death
across dog breeds. The same is true for the onset of many age-related diseases or conditions.
Cancer incidence increases dramatically with age in all breeds, but it occurs later in smaller

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2017 September 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Creevy et al. Page 7

breeds compared with large ones (Bonnett et al. 2005; Fleming et al. 2011). The same is true
of cataracts (Urfer et al. 2011). Moving forward, comprehensive analyses of LD in dogs
should include body size as a key covariate.

DOES WHAT WE KNOW ABOUT DOG AGING SUPPORT THE LD
HYPOTHESIS?

To set the stage for LD, Olshansky et al. (2006) first noted that even if one were to eliminate
the diseases that top the list as causes of mortality in human populations, one would see only
a modest life span extension. To determine whether the same is true in dogs, we explored
five causes of mortality in the VetCompass data set.

The VetCompass Programme is a novel research initiative that began in the United Kingdom
and is now being extended worldwide. The philosophy is to capture the cumulative
veterinary clinical experience via a large-scale collection of veterinary electronic clinical
records that are made accessible for research. The VetCompass Programme (see
www.rvc.ac.uk/vetcompass) was developed at the Royal Veterinary College in conjunction
with the University of Sydney with the aim of sharing, analyzing, and disseminating
veterinary clinical information to develop an evidence database on the health and welfare of
companion animals. Vet-Compass began collecting data in 2009 and, by 2014, almost 500
veterinary clinics in the United Kingdom have already shared data on more than two million
dogs, which offer detailed health experiences covering up to 5 years of life for individual
dogs. To date, these data have supported 12 peer-reviewed publications on dogs that cover
general longevity and morbidity as well as specific disorders.

The most common cause of death, cancer, kills one in every six dogs in the VetCompass
database. And yet, even if we were to eliminate all deaths caused by cancer, the increase in
life span is modest (Fig. 2A). In contrast, if we slow aging by 10%, a relatively small
amount compared with what we can already accomplish in the laboratory in yeast, worms,
flies, and mice, we see a similar increase in life span (Fig. 2B,C).

But companion dogs can also allow us to think more carefully about LD. Recall that the LD
hypothesis assumes that ameliorating the underlying processes of aging will (1) delay the
onset and/or slow the progression of aging-related diseases and conditions, and (2) compress
the period of ill health at the end of life. We have already seen that many smaller dog breeds
live substantially longer than the largest dog breeds, and these small breeds also develop
many aging-related diseases at later ages than large breeds. This is clearly consistent with
the LD hypothesis. However, we currently have no evidence about the relative length of
illness or morbidity late in life among the various breeds. A study to determine whether
there is morbidity compression among smaller breeds would be a valuable addition to this
field of knowledge.

One complication in interpreting the LD perspective is that the prevalence of some diseases,
such as infectious diseases, decreases with age in dogs (Fleming et al. 2011). Is it possible
that retarding the rate of aging might prolong the period of susceptibility to diseases most
likely to strike early in life? For instance, parvoviral enteritis is an often-fatal disease that
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preferentially strikes young dogs. There is now an effective vaccine, but before the
widespread use of that vaccine, most cases of parvoviral enteritis struck dogs <6 months of
age and very few cases occurred in dogs older than 2 years (Mason et al. 1987). This
situation is complicated to interpret for several reasons. First, because the most susceptible
dogs were not sexually mature and therefore not yet actually aging according to most
interpretations, its relevance to the LD hypothesis is not obvious. Interventions thought to
slow aging are unlikely to be imposed before sexual maturity. Second, this increased
susceptibility may be because of an immature, prepubescent immune system, so this is also
difficult to reconcile with the LD hypothesis. On the other hand, interventions that have
successfully lengthened life in laboratory animals, such as DR or rapamycin, have been
associated with some signs of immune suppression (Gardner 2005; Nikolich-Zugich and
Messaoudi 2005; Ritz et al. 2008; Goldberg et al. 2015), potentially interpretable as a return
to an immature immune system. Thus, slowing at least some aspects of aging and extending
“potential” longevity could potentially increase some diseases early in life. In thinking about
the LD then, it becomes imperative that we have a comprehensive understanding not only of
the effects of age on different pathophysiological systems and processes, but also how
specific interventions influence these systems and processes. A necessary step in the
development of interventions that may lead to an LD must include assessment of the period
in the life span that the intervention is likely to be most effective at reducing both early- and
late-life diseases and debilities. As a case in point, which has been extensively studied in
dogs, we now turn to the effects of sterilization on longevity and patterns of disease.

Reproduction, Sterility, and the LD

Companion animals in the United States are often surgically sterilized at the request of their
owners to prevent unwanted reproduction or to limit unwanted behaviors. Surgical
sterilization has been associated with longer life in a number of large studies on multibreed/
mixed breed dogs (Bronson 1982; Michell 1999; Hoffman et al. 2013; O’Neill et al. 2013)
as well as in human males (Hamilton and Mestler 1969; Min et al. 2012). Consequently, a
large and accessible population of dogs is available to assess the health impact of this
longevity-associated procedure.

The most comprehensive assessment of how surgical sterilization affects the causes of death
in dogs is that by Hoffman et al. (2013). In that study of more than 40,000 companion dogs
in the VMDB known to have died in veterinary teaching hospitals, sterilization was
associated with a 19% increase in longevity (14% in males, 26% in females). The VMDB is
limited to animals presented to tertiary care hospitals, which could lead to numerous biases
(Fleming et al. 2011; Hoffman et al. 2013). However, a contemporaneous study in the United
Kingdom using VetCompass data, based on dogs presented to primary care veterinary
clinics, reported similar longevity benefits of neutering, at least in females (O’Neill et al.
2013, 2015). Hoffman et al. found—as have a number of previous studies—a higher
prevalence of death by cancer in sterilized compared with intact dogs and also a greater
prevalence of deaths owing to immune-mediated diseases (see also Hart et al. 2014). On the
other hand, sterilized dogs were less likely to die from infectious diseases, trauma, vascular,
and degenerative diseases compared with intact dogs. Although we would expect longer-
lived (sterilized) dogs to die from diseases that are more prevalent at late age (e.g., cancer),
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even after controlling for this potential confound statistically, these patterns were still
evident. Interestingly, in a study of sterilized versus intact people, deaths from infectious
diseases were also reduced in the sterilized group (Hamilton and Mestler 1969).

The “timing” of sterilization vis-a-vis an animal’s life history can also be important in the
development of diseases. As sterilization removes an entire organ system and its endocrine
axis, it would stand to reason that whether that system is removed before adulthood, when
the endocrine axis becomes particularly active, might be expected to have large effects
throughout life. In the United States, dogs are traditionally sterilized around the time of
sexual maturity or shortly thereafter, but debate exists over the relative health costs and
benefits of pre-versus postmaturation sterilization. As a gross generalization, dogs are often
considered to be sexually mature by 1 year of age. This generalization masks a great deal of
breed and individual variation, however, as sexual maturity in dogs varies according to body
size. Small dogs can enter puberty as early as 5 to 6 months and some large dogs as late as 2
years of age (Rice 2008).

A number of studies have examined the effects of the timing of sterilization on subsequent
health and/or behavior. One of these found that in dogs adopted from animal shelters,
animals categorized as having been sterilized at less than 6 months of age (median = 2.5
months) were more likely to contract parvoviral enteritis than dogs sterilized later (median =
1 year) (Howe et al. 2001). However, this result is confounded by the fact that parvoviral
enteritis is more common in puppies compared with adults as noted before. Breed status of
the animals was not identified in this study and the median length of follow-up was only 4
years after sterilization; therefore, later-life health problems could not be ascertained. A
much larger study—also of dogs adopted from shelters, also without breed identification,
also with ~4 years of follow-up—found that early (<5.5 months) sterilization increased the
prevalence of hip dysplasia and, in females only, was also associated with more incontinence
and cystitis (Spain et al. 2004). It should be emphasized that these studies only examined the
variable of age at sterilization and not the variable of sterilization itself; there were no intact
animals for comparison.

The timing of sterilization and its comparison with nonsterilized dogs has also been
examined in several studies. Specifically, a large study of Golden Retrievers, which are
particularly predisposed to cancer (Fleming et al. 2011), found that sterilization itself as well
as the timing of sterilization affected the type of cancers later developed (Torres de la Riva et
al. 2013). Specifically, sterilization at any age increased the prevalence of mast cell tumors
in females only, although late-neutered (>2 months) females had a higher prevalence of
hemangiosarcoma than either intact or early-neutered females. Early neutering of males
increased the rate of lymphosarcoma relative to either intact or late-neutered males. Early
neutering also increased the rate of skeletal abnormalities, such as hip dysplasia and cranial
cruciate ligament tears.

A study of Rottweilers has examined how the status and timing of sterilization affects
longevity and cause of death (Waters et al. 2009). Like some other studies, this one found
that female dogs lived longer than males (Egenvall et al. 2005b). Unlike a number of multi-
breed, multisex studies, however, this one found that sterilizing female Rottweilers before
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4.5 years of age shortened life. Moreover, females in a group of animals chosen for the study
because of their exceptional longevity (>30% greater than breed longevity average) were
more likely than females of average life span to have retained their ovaries for more than 4
years. The longest-lived dogs were also at a considerably reduced risk of dying from
cancers. A conclusion from this study then could be that exposure to ovarian hormones has a
generally beneficial effect on longevity. As the results of this study are at variance with
multiple other longevity studies that did not include the timing of sterilization, it is worth
considering some possible reasons for the difference. Most obviously, this result could be a
particular feature of the Rottweiler breed. Second, this result could be a function of the
selection of the study population. Among the usual longevity dogs in this group, 73% died
of cancer. This is a substantially higher incidence of fatal cancers than reported for dogs as a
whole (Bronson 1982) or for other populations of Rottweilers (Hoffman et al. 2013). Third,
the timing of sterilization was very different in the usual longevity group (>40% sterilized
within the first year of life) and the exceptional longevity group (40% sterilized by about 3
years of age) suggesting that the dogs may have been treated quite differently in terms of
medical attention or weight maintenance or the quality and amount of their food. Note that
exceptional longevity dogs were on average 5 kg lighter than usual longevity dogs, died
considerably less often of cancer, including osteosarcoma to which Rottweilers are
particularly prone, and had a much lower incidence of gastrointestinal deaths among
noncancer deaths than usual longevity dogs. Provocatively, there were many more deaths
from “frailty,” in the exceptionally long-lived dogs. Frailty in this case was defined as a
“combination of age-related disabilities, including deficits in mobility, cognition, hearing,
eyesight, and inability to maintain body weight” (Waters et al. 2009, p. 753). This
description does not seem particularly compatible with the LD. At present, it is not possible
to choose among these various interpretations of the Rottweiler study.

Longevity is a composite variable of myriad events and susceptibilities. Although the net
effect of sterilization is to increase overall life span in dogs, this longevity comes about
through complex effects on causes of death in specific dog genotypes. Can health span
become the tool by which we measure the overall costs and benefits of an intervention that
decreases the risk of some causes of mortality at the expense of increasing the rate of other
causes? Can we determine that the causes of death or length of debility that become more
prevalent in longer-lived individuals detract from the value of those added months or years
of life? The ability to evaluate dogs as individuals with respect to physiological and
biochemical parameters, cognitive function, activity level, task performance, longevity,
genetics, pharmacogenomics, and so on, suggests that dogs could be a powerful model for
the creation of a standardized assessment of health span. Moreover, companion dogs offer
the potential to identify interventions that could improve health span, providing an LD for
both companion animals and their owners.

Delayers, Escapers, Survivors, and the LD

In a previous section, we highlighted age-related changes in various causes of death,
including cancer, in a large population of dogs. As in humans, mice, rats, and virtually every
other vertebrate species, dogs generally show a dramatic increase in risk of cancer with age
(Finch 1990). But there is a subtler pattern in the cancer data that recapitulates another
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pattern seen in humans. In studies of human centenarians—those paragons of successful
aging—researchers have suggested that three routes to exceptional longevity can be
observed. There are people who live long despite being diagnosed with age-associated
illnesses earlier in life, called Survivors; those who escape age-associated illnesses until late
in life, called Delayers; and those who seem to escape most age-associated diseases to the
very end of life, called Escapers (Evert et al. 2003). A study in Rottweilers suggests that
they, too, might include Delayers or Escapers (Cooley et al. 2003). Within a cohort of 345
animals, among the oldest dogs, cancer rates were actually lower than in younger dogs. It is
as though the oldest dogs made up a pool of high-quality Escapers that were comparatively
immune to cancer. If a young cohort includes dogs of variable quality, these “Escapers”
might simply reflect the highest quality individuals that were both likely to live the longest
and were inherently resistant to cancer and other diseases.

To determine if this is true in other dog breeds, we examined age-specific patterns of cancer
prevalence in the Veterinary Medical Database (see wvdb.org) for a subset of very common
breeds. Interestingly, we saw the same pattern in our data set for large-breed, relatively
short-lived dogs. To our surprise, however, we did not observe the same pattern in smaller,
longer-lived breeds (Fig. 3). This observation could be because of the fact that the highest
two age classes in the VMDB (10-15 years and 15+ years) represent a large span of age
collapsed into only two categories, so might mask underlying age-specific trends in the
smaller breeds in which many individuals survive to these ages. Within the VetCompass
data, which benefits from offering the precise age at death for all individual dogs, we
observe a pattern of all breeds showing decreased rates of cancer in the later ages regardless
of size (Fig. 3). However, at least for now, the VetCompass sample sizes for each age class
are much smaller than the VMDB, such that late age data is relatively noisy.

From the perspective of the LD, we are left to wonder whether an increase in life expectancy
is accompanied by an increase in the frequency of Escapers and/or Delayers, which would,
indeed, pay an LD. Alternatively, it could simply mean more Survivor individuals living
with, and suffering from, age-related morbidities.

LIMITATIONS OF THE DOG AS A MODEL FOR LD

The companion dog presents us with a powerful model to understand the genetic and
environmental determinants of age-specific morbidity and mortality. However, as a
translational model, dogs do have some important limitations. First, although there is
extensive overlap between causes of death in humans and dogs (e.g., Waters 2011), there are
also many differences. For example, the spectrum of cancers that is common in dogs
includes some cancers that are rare in humans (e.g., hemangiosarcoma, mast cell tumor),
although some are relatively common in children (e.g., osteosarcoma).

Second, euthanasia is a common end-of-life decision in dogs, in contrast with humans. A
longevity study of dogs in the United Kingdom identified that euthanasia accounted for 86%
of deaths, while only 14% of deaths were unassisted (O’Neill et al. 2013). This means that
longevity in dogs is not strictly a measure of how long the dogs could live but of how long
the dogs’ caregivers (owners and veterinarians) believe that they should live. However, the
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benefit of this situation is that there is usually a defined reason stated to explain the decision
to euthanize a dog; 87% of dogs had a cause of death ascribed (O’Neill et al. 2013).
Moreover, although euthanasia tells us nothing directly about the underlying cause of
disability, in most cases it likely occurs when morbidity dramatically inhibits the dog’s
activities of daily living and/or quality of life. As such, it may well be a reasonable measure
of the end of “health span” for a dog.

Fries (1980) proposed that we measure functional restriction and disability in studies of
morbidity and mortality. Fortunately, in many cases, this is straight forward for a dog: Can it
walk, run, climb stairs, etc.? At the same time, other disabilities might be more subtle and
harder to detect by both owner and vet, especially when relating to disorders about which
dog do not visibly “complain.” This might be particularly true of cognitive and
psychological problems, which form one of the most common causes of years lived with
disability in human populations (Murray et al. 2012).

CONCLUSIONS

The question remains: If we ameliorate diseases of old age in dogs through extraordinary
means, will we prolong the absolute and relative life period of frailty and disability? As is
clear from this collection, the answers to this question are far from simple. What is meant by
“extraordinary means” depends on the temporal, medical, and species context. A century
ago, dogs and humans alike could die from sepsis resulting from a tooth abscess. Today,
advanced dental care and antibiotics have dramatically reduced those risks of morbidity and
mortality. However, although the lifesaving effects of the antibiotics might be dramatic, the
treatment is unlikely to have a noticeable effect on subsequent frailty or disability.

Even when the treatment would seem to qualify as “extraordinary means,” the effects on
frailty might depend on the details of the disease. A dog with mitral valve disease can be
spared from heart failure by a few daily pills. And while the dog is running around and
eating his pills in bits of food with glee, it is hard to think of his condition as a “disability.”
On the other hand, if that dog were to progress to heart failure, then keeping him alive with
intravenous drugs and an oxygen cage would seem to be extending frailty. Unless, of course,
he goes back to running around and eating everything in sight the next day (which is not
uncommon). The harder question to answer here is whether a period of poor health has been
extended or whether the animal has been returned to a state of good health.

Of course, the dog might not go back to his normal activity or normal appetite ever again,
instead teetering in a state of near failure for days or weeks until he finally succumbs or his
owners elect for euthanasia. Here we might well say that medical intervention had extended
a period of poor health. The dog lived longer, but his state of health in that time would meet
no one’s definition of health span.

In recent years, the companion dog has emerged as an excellent model to improve our
understanding of the determinants of age-specific morbidity and mortality. For centuries, in
the course of selecting dogs with specifically defined traits, breeders have unintentionally
created lineages that vary considerably in life span and health. We are just now beginning to
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collect detailed data on age-specific morbidity and mortality across breeds and
environments. As we do so, we will have an unprecedented opportunity to explore and better
understand the limitations and potential of the LD. Especially in light of the fact that those
same treatments (drugs, diagnostic tests, and surgical procedures) used to care for dogs are
often also used in humans, there is a critical need to answer the questions posed here.
Answers to these important questions will require a concerted and collaborative effort
involving not only veterinarians and biodemographers, but also medical ethicists. We are
confident that in the coming years, the well-loved canine species will allow us to answer
many of the questions posed throughout the literature.
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Figurel.
Survivorship curves (A) and age-specific mortality curves (B) for a population following a

Gompertz mortality model (Gompertz 1825). According to the Gompertz mortality model,
mortality increases exponentially over time, with p, = a.é®X, where i is the mortality rate at
age x, a is the “base-line” mortality rate, and B is the rate of aging. The black line shows
standard mortality. Survivorship can be increased (or mortality lowered) either by reducing
the baseline mortality (red) or by slowing the rate of aging (blue). Most real-world examples
show a much greater reduction in a than in p. (C) The more realistic Siler mortality model
(Siler 1979) is shown, where |, = a1 P1X + a, + agd3X.

Cold Spring Harb Perspect Med. Author manuscript; available in PMC 2017 September 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Creevy et al.

Page 18

A Cause removed
— None
1.0 —— Cancer
Respiratory
= Heart
- Gl
o 089 — Locomotory
e
Q
S
=
S 0.64
>
(%]
0.4 1
0.2 1
T T T T
0 5 10 15
Age (years)
B = Raw data
— Standard model
—0.54 — 10% reduced aging

log (Mortality)
|
o
1

—1.51
T T T T
0 5 10 15
Age (years)
c —— Raw data
1.0 — Standard model
— 10% reduced aging
0.8
o
<
4
s 0.6
Z 061
>
»n
0.4+
0.24
T T T T
0 5 10 15
Age (years)

Figure2.
Longevity dividend (LD) calculations for dogs from the VetCompass database (O’Neill et al.

2013). (A) Survival curves for all dogs (blue line) and hypothetical survival curves for
populations in which a single cause of mortality is omitted (see text for details). All-cause
mortality curves (B) and survivorship curves (C) are shown for actual data (yellow), and
based on fitted mortality curves using the Siler model (Siler 1979), py = a1e P1X+ a, +
a3683%, for all mortality (blue) and for reduced aging rate, where B3 is the rate of aging and
has been reduced by 10% (red).
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Figure 3.

Proportion of dogs dying of cancer for specific breeds. (Lef?) Veterinary Medical Database
(VMDB) data. (Righf) VetCompass data. Blue lines indicate large breed dogs (VMDB:
Labrador Retriever, Golden Retriever, Rottweiler, and Boxer; VetCompass: Labrador
Retriever, Golden Retriever, Rottweiler, and German Shepherd). Orange line indicates
medium breed dogs (VMDB: Beagle; VetCompass: Border Collie, American Staffordshire
Terrier, English Springer Spaniel, Cocker Spaniel), and the red lines indicate small-breed
dogs (VMDB: Miniature Poodle, Dachshund, and Yorkshire Terrier; VletCompass: Cavalier
King Charles Spaniel, Jack Russell Terrier, West Highland White Terrier, and Yorkshire
Terrier). Notice the trend of high rates of cancer in both data sets with a significant decline
in the oldest ages.
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