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Abstract

Aging is a complex process emerging from integrated physiological networks. Recent work using principal component analysis (PCA) of
multisystem biomarkers proposed a novel fundamental physiological process, “integrated albunemia,” which was consistent across human
populations and more strongly associated with age and mortality risk than individual biomarkers. Here we tested for integrated albunemia
and associations with age and mortality across six diverse nonhuman primate species and humans. PCA of 13 physiological biomarkers
recovered in all species a primary axis of variation (PC1) resembling integrated albunemia, which increased with age in all but one species but
was less predictive of mortality risk. Within species, PC1 scores were often reliably recovered with a minimal biomarker subset and usually
stable between sexes. Even among species, correlations in PC1 structure were often strong, but the effect of phylogeny was inconclusive. Thus,
integrated albunemia likely reflects an evolutionarily conserved process across primates and appears to be generally associated with aging but
not necessarily with negative impacts on survival. Integrated albunemia is unlikely to be the only conserved emergent physiological process;
our findings hence have implications both for the evolution of the aging process and of physiological networks more generally.
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Aging is a complex process emerging from the interplay among
multiple mechanisms and the breakdown in functioning of inte-
grated physiological networks (1-5). This integrated nature under-
lies the hypothesized effects of several key phenomena associated
with aging, such as physiological dysregulation (2,6-9), metabolic
syndrome (10), and inflamm-aging (11,12). Understanding the broad
causes and consequences of this process is an ongoing challenge, and
a specific issue is to find appropriate measures that reflect the pro-
posed integrative mechanisms (13,14). The complex-systems view of
aging suggests that single biomarkers or single-system measures will
incompletely reflect the aging process. Indeed, evidence shows that
single biomarkers can be highly variable across populations, making
them difficult to use as general indicators of aging (15). Yet most
research on aging to date has examined single or few biomarkers of
interest at a time. Recent work has increasingly sought multivariate
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approaches that can better capture the emergent patterns of physio-
logical processes and their effects on aging, providing new insight
into the aging process (9,14,16-18).

Recently, “integrated albunemia” was proposed as a novel
physiological process implicated in aging in human populations (19).
This phenomenon emerged as the primary axis of variation from
principal component analysis (PCA) of 43 biomarkers and included
markers of anemia, inflammation, and low albumin and calcium.
Integrated albunemia consistently increased with age and predicted
mortality and frailty across different populations and demographic
groups. Notably, integrated albunemia was not predictable a priori
from how single biomarkers or systems changed independently with
age, it comprised biomarkers from multiple physiological systems,
and it was more stable across populations than single biomarkers.
Accordingly, it was proposed that integrated albunemia is an

1689


http://orcid.org/0000-0002-1928-5881
http://orcid.org/0000-0003-4113-3988
mailto:tina.wey@gmail.com?subject=

1690 Journals of Gerontology: BIOLOGICAL SCIENCES, 2019, Vol. 74, No. 11

emergent physiological process, a stable epiphenomenon of physio-
logical network structure, potentially implicating coordination of
distant sub-networks (19). Other potential emergent physiological
processes related to aging include inflamm-aging (11,20) and meta-
bolic syndrome (10,21). A separate subsequent study using a dif-
ferent human dataset and different methods independently recovered
a set of biomarkers aligned with integrated albunemia as predictors
of mortality (22). Thus, integrated albunemia seems promising as
an emergent physiological process associated with aging and risk
of mortality, but further studies are needed to establish its wider
implications.

In particular, we do not know if integrated albunemia is
phylogenetically broad or specific to humans, nor how conserved
physiological network characteristics are more generally. Further
tests are needed to determine whether this is a promising direction
for fundamental research in aging and if certain model organisms
are useful. Nonhuman primates are important research models
of aging and longevity and particularly useful for comparisons
with humans due to similarities in fundamental biology (23-26).
Research on nonhuman primates can provide important insights
into broad patterns of primate aging and potential interventions
(24). However, most studies on nonhuman primates are restricted
to a few commonly studied species rather than cross-species com-
parisons, and few tackle ideas involving physiological integration
(but see ref. (27)).

In the current study, we test for the presence of emergent physio-
logical processes, in particular integrated albunemia, and associ-
ations with aging and mortality across primates. We further ask if
cross-species similarity in emergent physiological processes is re-
lated to phylogenetic proximity. We apply a previously used PCA
approach (19) to longitudinal biomarker datasets from several
species of nonhuman primates and one human population. We hy-
pothesize that integrated albunemia represents a fundamental pro-
cess involved in aging across the primate lineage. If so, we should
recover a similar primary axis of variation (markers of anemia and
low albumin and calcium) associated with increased age and mor-
tality risk across all or most species, and we would predict simi-
larity of PCA axes to be stronger among more closely related species
and diminish with phylogenetic distance. Alternatively, integrated
albunemia might have more limited phylogenetic scope and only
be present in species more closely related to humans. Finally, inte-
grated albunemia might be a phenomenon specific to humans. More
broadly, we examine if there are underlying physiological processes

Table 1. Primate Species Information

resulting from integrated regulatory networks that are evolutionarily
conserved across species.

Method

Data Sets and Biomarker Selection

Our study included data on humans and six nonhuman primates:
chimpanzees (Pan troglodytes), rhesus macaques (Macaca mulatta),
pig-tailed macaques (Macaca nemestrina), common marmosets
(Callithrix jacchus), Coquerel’s sifaka (Propithecus coquereli), and
ring-tailed lemurs (Lemur catta) (Table 1). These six species span
a range of taxonomic groupings and expected maximum lifespans.
We acquired nonhuman primate biomarker data from the Internet
Primate Aging Database (iPAD; https://www.ipad.primatedata.
com/) (28), developed at the Wisconsin National Primate Center and
now managed by CléMetric, LLC (Madison, WI). All observations
came from nonexperimental captive animals considered healthy at
the time of sampling, and research centers contributing to iPAD were
approved and accredited by the relevant oversight bodies (USDA,
AAALAC, EU Directives). Most nonhuman primate data came from
a single research center; the exceptions were chimpanzees (three cen-
ters) and rhesus macaques (four centers). We acquired human bio-
marker data from a large-scale longitudinal population-based study,
Invecchiare in Chianti (InCHIANTI), of older persons from the
Chianti region of Tuscany, Italy (29). Use of this data was originally
approved by ethics committees at the respective institutions respon-
sible for data collection, and approval of secondary analysis came
from the Comité d’éthique de la recherche sur 'bumain du CHUS
(project #14-059). We only considered adult (sexually mature) indi-
viduals in the study, and we determined adult age limits for each spe-
cies from AnAge: the Animal Ageing and Longevity Database (http://
genomics.senescence.info/species/) (30).

Biomarker availability varied among species, and we chose species
to include based on data availability for multivariate analyses (number
of markers, sample size, longitudinal samples, mortality data, etc.).
In particular, we sought to optimize a balance between maximizing
overall sample size and availability of similar biomarkers across spe-
cies. We started with the 43 biomarkers used in the previous study in
humans (19) and checked for availability and number of individuals
with complete observations of biomarker subsets. A challenge in the
cross-species comparisons is that inflammatory markers (C-reactive
protein and interleukin-6) were stable components of human inte-
grated albunemia (19), but were generally absent from primate data.

Life- Ages- Ages-
Common Name Scientific Name Abbreviation  Species Group IDs % Female span* Female® Malet
Humans Homo sapiens Human Great Apes 1304 55.6 122.5 21.3-100.9 23.4-97.2
Chimpanzee Pan troglodytes Chimp Great Apes 400 56.3 59.4 9.6-57.9 9.6-43.6
Rhesus Macaque Macaca mulatta Rhesus Old World Monkeys 178  48.3 40.0 5.6-33.4 5.6-31.6
Pig-tailed Macaque Macaca nemestrina Pigtail Old World Monkeys 92 59.8 37.6 8.1-32.6 8.4-30.1
Common Marmoset  Callithrix jacchus Marmoset New World Monkeys 74 446 22.8 1.6-9.4 1.6-9.1
Coquerel’s Sifaka* Propithecus Sifaka Lemurs 32 40.6 31.0 2.6-17.1 2.6-26.6

coquereli

Ring-tailed Lemur Lemur catta Ringtail Lemurs 50 440 37.3 2.6-24.1 3.1-22.6

Notes: IDs = number of individuals.

*Confirmed maximum records from AnAge (http://genomics.senescence.info/species/), in years.

TAge ranges represented in the current data, in years.

Lifespan not available so estimated from records for congener Verraux’s sifaka (Propithecus verreauxi).
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We were thus constrained to estimate integrated albunemia without
this inflammatory component. For each species, we removed obser-
vations that were biologically improbable based on previously pub-
lished values for each species or taxonomic group or visible outliers
outside of recorded ranges. We chose biomarkers for analysis based
on availability in sufficient sample sizes across species, while avoiding
redundancy. For example, we excluded hematocrit, which was al-
ways correlated with hemoglobin at 7 > .9, and we used neutrophil/
lymphocyte ratio instead of neutrophil counts because neutrophils
and lymphocytes together make up the great majority of white blood
cells. The final 13 biomarkers span a range of physiological systems
(Table 2). For more details on biomarkers availability and choice, see
Additional Methods Details in Supplementary Material.

Analysis

Principal Components Analysis

Preliminary analyses indicated that individuals differed consistently
in biomarker and principal component values in all species, so we
sought to avoid repeated observations biasing our analysis towards
better-sampled individuals. Therefore, we generated 1,000 samples
of the complete dataset, each with one randomly sampled observa-
tion per adult (sexually mature) animal, ran PCA on each sample,
and used the average loadings from these samples for subsequent
analyses (eg, we looked for associations with age and mortality with
PC1 characterized by these averaged loadings).

We first performed PCA on all biomarkers for each species sep-
arately, using observations on all individuals for each species. Before
PCA, we log- or square-root-transformed all variables to the best ap-
proximation of normality and standardized all variables to mean 0 and
standard deviation of 1. We focused interpretation and comparison
on the first three principal components (PCs), which usually explained
~50% or more of the variance (Supplementary Tables S1 and S2).
Note, however, that for PCA in complex biological systems, even low-
variance axes often contain important biological information (31).

We next ran a PCA on all biomarkers with all species com-
bined. To account for extreme differences in species sample sizes,
we took the number of observations from the species with the
fewest (Coquerel’s sifaka, 32 individuals), randomly sampled 32 ob-
servations for each of the other species, and ran the PCA on this
combined-species subsample (this sampling was done after first sam-
pling one observation per individual). We tested for average species
differences in PC values with multilevel models of each PC with fixed

effect of species and random effect of ID (to account for uneven sam-
pling and repeated observations), followed by Tukey’s honest signifi-
cant differences (HSD) post hoc tests to examine pairwise species
differences in estimated marginal means for PC1.

Associations With Age and Mortality

The primary axis of variation was hypothesized to be integrated
albunemia, so we focused on PC1, calculated from PCA for each
species separately, in statistical models of associations with age
and mortality risk. We modeled the fixed effects of age, sex, and
their two-way interaction on PC1 using linear hierarchical models.
When the interaction was not significant, we interpreted the effect
of age on PC1 for both sexes together from a model with only the
fixed effects of age and sex. The continuous variable “age” was
centered to 0 on the sample mean and scaled to 1 SD (within spe-
cies) to account for different lifespans across species. We included
a random intercept for individual to account for repeated observa-
tions. For species that came from more than one population (chim-
panzees and rhesus macaques), we further included a random effect
of population. To get a general estimate of the effect of age on PC1
across species, we also ran linear hierarchical models with all spe-
cies combined, with an additional random intercept for species.
Because of large differences in species lifespans, we first calculated
a standardized age index within species by dividing age in years by
the maximum age for that species and used this index in the model.
It is important to note that we did not account for phylogeny in
this analysis, and a robust comparison across species would also re-
quire more sophisticated standardization of age. Hence, we present
this analysis for illustrative purposes only and not for biological
interpretation.

For species with data on mortality (humans, chimpanzees, rhesus
macaques, pig-tailed macaques, common marmosets, and Coquerel’s
sifaka), we also examined the association of PCs with mortality risk.
We ran Cox proportional hazards (PH) models with the fixed effects
of PC1, sex, and their two-way interaction. When the interaction
was not significant, we interpreted the effect of PC1 on mortality risk
for both sexes together from a model with only the fixed effects of
PC1 and sex. For species that came from more than one population
(chimpanzees and rhesus macaques), we again tested for a random
effect of population, using Cox PH models with a random effect.
We again ran a combined-species model with a random intercept for
species and age standardized as described above, for illustrative pur-
poses only, with the same caveat against over-interpretation.

Table 2. Physiological Biomarkers Used in Principal Component Analysis

Biomarker (units) System/Function Abbreviation
Hemoglobin (g/dL)* Blood hb

Red blood cells (109/mm?)* Blood rbe

Mean corpuscular hemoglobin (pg) Blood mch
Mean corpuscular hemoglobin concentration (g/dL) Blood mchc
White blood cells (mm?) Immune response wbc
Lymphocytes (10*/mm?) Immune response lympho_ct
Neutrophil/Lymphocyte ratio Immune response n/l
Calcium (mg/dL)* Electrolytes ca
Potassium (mmol/L) Electrolytes k
Albumin (g/dL)* Proteins, liver, kidney alb
Alkaline phosphatase (IU/L) Proteins, liver, kidney alkp
Creatinine (mg/dL) Proteins, liver, kidney creat
Total protein (g/dL)* Proteins, liver, kidney tot_prot

Note: *Used in the five-biomarker subset analysis.
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Consistency of Principal Components
We tested for consistency of PCA results within and among species by
examining the degree of correlation between different PC scores calcu-
lated for the same individuals using different loadings, obtained from
PCA of a subset of biomarkers or of different populations (19,20,32).
In other words, we can ask if populations A and B have similar PC
structure by performing a PCA on each, calculating the PC scores
for each individual obtained from either multiplying their biomarker
values by loadings from population A or B, and correlating the PC
scores obtained from the two loadings. If the scores are highly cor-
related (eg, r > .9), we interpret this to mean that we are essentially
recovering the same loadings, resulting in similar PC scores. Lower
correlations would suggest the PC structures differ, to varying degrees.

Using the full dataset (including repeated observations), we com-
pared correlations between PC scores from all 13 biomarkers and
alternate scores obtained from a minimal subset of five targeted bio-
markers (within species), between scores obtained from males or fe-
males only (within species), and between scores based on loadings
from a species itself and each other species (among species). The
five-biomarker subset was chosen to encapsulate key components
of integrated albunemia with as few biomarkers as possible, and it
consisted of hemoglobin, red blood cells, calcium, albumin, and total
protein. Because we have repeated observations on individuals, rep-
resenting pseudo-replication, we did not use Pearson’s correlation
coefficient, which assumes independence of observations. Instead,
we calculated the standardized slope coefficient from linear mixed
models with a random intercept for each individual, where both x
and y (the two different PC scores from different loadings) were cen-
tered to 0 and standardized to 1 SD. This coefficient is equivalent to
a correlation coefficient but permits control for repeated sampling
via a random effect.

We also tested if phylogeny affected PC1 structure among species
by correlating the matrix of phylogenetic distances between species
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(calculated as time since divergence, taken from a large recent phyl-
ogeny of living primates (33,34)) with two possible measures of PC1
similarity. The first measure of similarity was the absolute differ-
ence in average species PC1 values from the combined-species PCA.
The second measure of similarity was the correlation between PC1
scores for a given species calculated from loadings from a PCA of
itself or PCA of each other species. We calculated Spearman’s rank
correlation coefficient (p) among the cell values of the phylogenetic
distance matrix and the two PC1 similarity matrices, excluding the
diagonals. The matrices of phylogenetic distances and of absolute
differences in average species PC1 values were symmetric, so signifi-
cance of this correlation was only based on the upper triangle.

We performed all analysis in the R statistical environment v3.4.3
(35). We ran PCA with package “FactoMineR” (36), multilevel
models with the package “Ime4” (37), Cox PH models with the pack-
ages “

survival” (38) and “coxme” (39), estimated marginal means

with “emmeans” (40), and correlation plots with “corrplot™ (41).

Results
PCA Results

PCA consistently resulted in a main axis of variation characterized
by biomarkers from multiple physiological systems. When PCA was
performed on each species separately, PC1, PC2, and PC3 on average
explained 26.2%, 16.4%, and 12.8% of variation, respectively
(55.5% together); however, there was notable variation among spe-
cies (Supplementary Table S1). The most important biomarkers in
PC1 were generally ones associated with integrated albunemia. In all
species, PC1 was significantly correlated with anemia markers (low
hemoglobin and low red blood cell counts) and with low levels of
calcium, albumin, and total protein (Figure 1, Supplementary Table
S1). The strength and direction of correlation of other biomarkers
with PC1 were more variable across species. Loadings for PC2, PC3,

5 PC3 5
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Figure 1. Loadings of each biomarker on PC1, PC2, and PC3, from PCA of each species separately. Darker narrower ellipses indicate stronger correlations.
Positive correlations tilt to the right and are in blue, while negative correlations tilt to the left and are in red. Loadings represent averaged values from 1,000
PCAs on 1,000 random samples of one observation per ID. For easier visualization of biomarker importance, only loadings that consistently differed from 0
were included—loadings that were not > 2 SD away from 0 were set to 0. Standard deviations were calculated from the distribution of loading values obtained
from the 1000 PCA runs, for each biomarker for each species. Note that, in PC2 and PC3, blank columns indicate that variable loadings were unstable between

subsamples. See Supplementary Table S1 for all loading values.
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and all following PCs were more variable across species, and these
should be interpreted with caution given the variation present in
PC1 (ie, remaining variation to be explained by subsequent PCs de-
pends on the variation explained by PC1, since subsequent axes must
be orthogonal). PC2 largely seemed to reflect immune function and
was significantly correlated with higher numbers of lymphocytes in
all species, with higher white blood cells counts in all species ex-
cept chimpanzees, and with lower N/L ratio in all species except
common marmosets. Note that, in chimpanzees, the average loading
value for lymphocyte counts (0.327, Supplementary Table S1) was
significant, but the loading for this biomarker was relatively unstable
between samples (Figure 1). MCH and MCHC were also usually
implicated in PC2, but the direction of correlation differed among
species. PC3 was characterized across species by high N/L ratio and
low lymphocyte counts (Supplementary Table S1), but these load-
ings were sometimes unstable across samples. Some biomarkers did
not load consistently on any PC across species but were important
in some PCs in some species. For instance, creatinine, alkaline phos-
phatase, and potassium had highly variable loading strengths and
directions across species.

From the PCA of all species combined (Supplementary Table
S2, Supplementary Figure S1), the first three principal components
(PCs) together explained 53.7% of the variation; PC1 explained
23.0%, PC2 16.7%, and PC3 14.0%. PC1 again largely resembled
integrated albunemia and was characterized by low hemoglobin,
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0.9 1.0 1.1 12 0 2 4 6
PC1HR Sex(Male) HR

Figure 2. Estimated effects of (A) age and sex on PC1 from linear mixed
models and (B) PC1 and sex on mortality risk from Cox proportional
hazards models. IDs = number of unique individuals; N = number of total
observations; Deaths = confirmed mortality events; HR = hazard ratio per
unit PC1. Solid diamonds indicate the estimated coefficient, and error bars
are 95% confidence intervals. The dotted line references (A) estimated
effect = 0 or (B) hazard ratio = 1. Both age and PC1 were centered to 0 and
standardized to standard deviation = 1, where appropriate, to facilitate
comparisons among species. Note that the combined-species (ALL) model
results (at bottom in blue) are mainly presented for illustrative purposes, as
the appropriate standardization for age and PC1 across species is unknown.
Average sex differences in PC1 values are not shown, but indicated with an
asterisk (*) where significant and discussed in the main text. *1 = stronger
positive effect in males; *2 = positive effect in females only; *3 = higher PC1
scores predict lower risk in males only.

low red blood cells, high MCH, low calcium, low potassium, low
albumin, low alkaline phosphatase, high creatinine, and low total
protein. Interestingly, PC2 was not strongly characterized by any
biomarkers, while PC3 was most strongly associated with high num-
bers of lymphocytes and white blood cells and low N/L ratio, thus
reflecting immune function and resembling PC2 in the separate-
species PCAs. Despite apparent similarities in PC1 structure, spe-
cies differed strongly in average values of the first three PCs (PC1:
22 = 2060.5, p < .001; PC2: 92 = 5776.4, p < .001; PC3: o2 = 1222.1,
p <.001) (Figure 2). Tukey’s HSD tests suggested that PC1 was more
similar between certain species pairs (Supplementary Table S3 and
Supplementary Figure S1). All species pairs differed significantly in
average PC1 value with p < .001 except human-chimp (p = .048),
rhesus-pigtail (p = .509), marmoset-sifaka (p = .994), marmoset-
ringtail (p = .924), and sifaka-ringtail (p > .999).

Associations With Age and Mortality
Linear models showed a significant increase in PC1 with age in both
sexes in five of the seven species studied—humans, chimpanzees, pig-
tailed macaques, common marmosets, and ring-tailed lemurs—and in
females only in Coquerel’s sifaka (Figure 2A, Supplementary Figure
S2). In contrast, there was a significant decrease in PC1 with age in
rhesus macaques. In humans, chimpanzees, and common marmosets,
males had lower values of PC1 than females at the mean age. In hu-
mans, there was additionally a positive quadratic effect of age (not
shown), which indicated a steeper (faster) increase in PC1 at older
ages. There were no significant (p > .05) quadratic effects of age in any
other species. More detailed model results, with and without age x sex
interactions, are presented in Supplementary Table S4. The combined-
species model suggested that, across all species, PC1 generally in-
creases with age and that males had lower PC1 values than females.
Higher values of PC1 were associated with increased risk of mor-
tality in humans and pig-tailed macaques, whereas lower values of
PC1 were associated with increased risk in male rhesus macaques
only (Figure 2B). In humans and chimpanzees, males had higher
average mortality risk than females, while in rhesus macaques, males
had lower mortality risk. There was no significant effect of PC1
or sex on mortality risk in Coquerel’s sifakas or common marmo-
sets (although there was a trend for PC1 to increase risk in mar-
mosets, p = .051). More detailed model results, with and without
age x sex interactions, are presented in Supplementary Table S5. The
combined-species model suggested that, across all species, higher
PC1 scores were associated with higher mortality risk and that males
had higher mortality risk.

Consistency of Principal Components
PC1 scores were usually strongly replicated using a simple five-
biomarker subset ( > .69 in all species, Figure 3). However, 7 < .9
in chimpanzees, rhesus macaques, and humans suggested that bio-
marker composition was more important in these species. PC1
was also very stable between the sexes (r > .95) in all species ex-
cept chimpanzees, where loadings from males only appeared to be
a very poor reference for female or whole population scores (Figure
3). Conversely, loadings from female chimpanzees were robust refer-
ences for male (7 = .89) or whole population (r = .86) scores.
Phylogeny had variable effects depending on the method used to
calculate similarity in PC1. Phylogenetic distance was significantly
positively correlated with the absolute differences in species average
PC1 values (Spearman’s p = 0.552, p = .009; Figure 4A), that is,
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Figure 3. Correlations between PC1 scores calculated from different possible
loadings within species. Column names indicate the comparison groups. “All
from sub” compares scores for all individuals from loadings from PCA of all
biomarkers or the five-biomarker subsample. “All from F” compares scores
for all individuals from loadings from PCA of all individuals or females only.
“All from M” compares scores for all individuals from loadings from PCA of
all individuals or males only. “M from F” compares scores for males from
loadings from PCA of males or females only. “F from M” compares scores for
females from loadings from PCA of females or males only. Darker narrower
ellipses indicate stronger correlations, which indicate more consistent PC1
scores across different biomarker compositions and subpopulations. Positive
correlations tilt to the right and are in blue, while negative correlations tilt
to the left and are in red. Correlation coefficients are given in the cells and
were calculated as standardized slope coefficients from linear mixed models
accounting for repeated observations on individuals.

more closely related species had more similar PC1 values when PCA
was performed on all species together. However, PC1 scores cal-
culated from loadings of different species in separate-species PCA
were correlated to variable degrees in a less structured way (.08 <
r < .97; Figure 4B). Chimpanzee scores were conspicuously poorly
predicted by other species’ loadings (.08 < r < .68; all other spe-
cies: .50 < 7 < .97). Somewhat surprisingly, human PC1 scores were
best predicted by common marmoset loadings (r = .91), out of the
nonhuman primates. More closely related species did not have sig-
nificantly more similar PC1 loadings; in fact, after correcting for
repeated observations, there was a significant association in the
opposite direction, with more distantly related species being more
highly correlated (p = -0.434, p = .004). However, this result dis-
appears if chimpanzees (who had conspicuously low correlations
overall) were omitted, and the pattern should be considered with
caution, especially given the low number of species. Additionally, we
attempted to link PC1 scores to species lifespan, but sample size was
insufficient given the phylogenetic relationships (more closely related
species have more similar lifespans), and results are not presented.
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Figure 4. Matrices of: (A) the absolute difference in average species PC1
score from combined-species PCA; and (B) the correlations between PC1
scores calculated from average loadings of each species itself and from
average loadings of other species, from separate-species PCA. In (A),
darker larger squares indicate larger differences, and the largest difference
in the data is set as the maximum. In (B), darker narrower ellipses indicate
stronger correlations, which indicate more consistent PC1 scores between
species. Positive correlations tilt to the right and are in blue, while negative
correlations tilt to the left and are in red. Rows correspond to the species
analyzed; columns correspond to the species used to calibrate the loadings.
Correlations were calculated as standardized slope coefficients from linear
mixed models accounting for repeated observations on individuals.

Discussion

In this study, we found a strikingly consistent primary axis of vari-
ation across diverse primate species, resembling one previously de-
scribed in humans as integrated albunemia (19). This axis generally
increased with increasing age, as in humans, but was not univer-
sally linked to mortality risk. These results suggest that integrated
albunemia indeed reflects an evolutionarily conserved emergent
physiological phenomenon and could be a candidate measure of
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aging, but one with different health consequences in different spe-
cies. Nonetheless, the conserved aspects of this process are remark-
able, given the diversity of species, and encourage further research
into (a) integrated albunemia as an evolutionarily broad phenom-
enon and (b) the use of nonhuman primates as models of emergent
physiological processes.

When we applied principal components analysis to a standard-
ized set of clinical biomarkers in seven taxonomically diverse pri-
mate species, we always found a physiological axis that resembled
the proposed phenomenon of integrated albunemia previously docu-
mented in humans (19). Similar biomarkers (anemia markers, low
albumin, low calcium) emerged as being important in all species,
whether PCA was performed on each species separately or on all
species together. Hence, a process comprising integrated albunemia
is present in all species but possibly integrated with other aspects of
physiology (eg, metabolism and immune function) differently among
species. Alternatively, biomarkers that were associated with PC1 in
some species but not others might reflect anomalies of sample com-
position. For example, while all individuals in the dataset were con-
sidered healthy, if there were many older individuals who trended
towards kidney issues, this might explain an unusual association
of creatinine with the integrated albunemia axis (eg, in rhesus ma-
caques) even in the absence of a direct physiological link with the
process. In order to rule out such possibilities, it would be necessary
to validate PC1 in multiple subpopulations of each species and en-
sure more consistent age representation across all species.

Thus, despite some variation, we refer to this primary axis as “in-
tegrated albunemia” from here on for simplicity, although we cannot
exactly replicate the study in humans, which also included elevated
inflammatory markers and others that were unavailable for our
study. In humans, a systemic inflammatory response generally results
in an increase in circulating neutrophils and decrease in circulating
lymphocytes, leading to high N/L associated with a number of acute
health issues and potential prognostic value for some conditions
(42-44). Thus, in this study, we included the neutrophil/lymphocyte
ratio (N/L) as a potential marker of inflammation, and indeed it has
the predicted positive association with PC1 in humans. However, the
interpretation of N/L as an inflammatory marker is indirect, and its
value in this role in other species is inconsistent, with two nonhuman
primates showing positive association with PC1, two showing a
negative association, and two showing no association. The current
study also lacked some of the markers that could reflect metabolic
syndrome (lipids and blood sugar), which emerged as the second axis
of variation in the original article on human integrated albunemia
(19). Nevertheless, we used one of the same human datasets and re-
covered a similar PC1 for humans and other species as emerged from
a much larger set of biomarkers. Accordingly, while the addition of
other biomarkers would likely change the exact composition of PC1,
we believe our general conclusions are likely to be robust to the dif-
ferences in biomarkers included in the analysis. A remarkable aspect
of our result is the consistent emergence of multi-system biomarkers
in PC1, implying consistent connections between physiological sys-
tems in different species, rather than the emergence of similar clus-
ters of system-specific biomarkers, as one might predict a priori (19).

Integrated albunemia increased with age in all species except
rhesus macaques (although only in females in Coquerel’s sifakas),
suggesting a process that is generally associated with aging across
primates. Our ability to detect overall significant effects could be
limited by sample size in Coquerel’s sifakas (with only 32 individ-
uals), which had estimated positive effects of age on PC1 in both
sexes of similar magnitude to humans and chimpanzees, but whose

larger confidence intervals overlap with 0. In general, it is important
to note that the species with fewer individuals and that only come
from single research centers represent much less diverse populations
than species represented by more individuals and multiple research
populations. Chimpanzees and common marmosets were also similar
to humans in that males had lower values of PC1 than females.
Integrated albunemia was less broadly predictive of survival. It was
only significantly associated with increased risk of mortality in hu-
mans and pig-tailed macaques, although it was close to significance
in common marmosets. Rhesus macaque males showed the opposite
pattern: higher integrated albunemia scores were actually associated
with lower mortality risk. Males had higher mortality risk in humans
and chimpanzees, while males had lower risk in rhesus macaques.
Rhesus macaques thus stood out as showing opposing patterns from
the general trends in several ways and perhaps merit further study;
in particular, it is surprising that a mammal would broadly show
males at lower risk of mortality than females. We explored some
possible factors that might affect this pattern, such as differences
among research populations and individual biomarker associations
with age but did not find an obvious explanation. Interestingly, cor-
relating each of the biomarkers individually with age highlighted a
high degree of variation among species in how each biomarker tends
to change with age (Supplementary Table S6) and implies that the as-
sociation between integrated albunemia and age is more stable than
most individual biomarkers, as found across human populations
(19). Only one biomarker (albumin) changed in the same direction
in all species, and one biomarker (calcium) differed only for rhesus
macaques. While calcium is important in PC1, it would seem sur-
prising if one biomarker could drive the strongly divergent pattern
in this species. Indeed, rerunning analyses without calcium resulted
in the same divergent pattern for rhesus macaques. Our results were
also robust to including body mass as covariate in linear models, to
account for potential differences due to body size. In this case, PC1
still increased with age in the same species; the only slight difference
was that the pattern became nonsignificant in ring-tailed lemurs, but
the effect size remained similar (in fact, slightly larger). Ultimately,
despite species variation and some sample size limitations, our
overall results strongly suggest that integrated albunemia is a con-
served process that changes with increasing age; the generality of
the negative health consequences documented in humans is unclear.

Our results in humans generally align well with other human
studies using different techniques (19,22,45), which have found that
anemia markers, albumin, and calcium were prominently associated
with human aging. It is worth noting that other studies that exam-
ined a number of physiological biomarkers came to variable conclu-
sions about the most important markers of aging (46-48). However,
these studies employed very different methods typically including
non-physiological variables and focusing on single or few biomarker
values rather than the relationships among biomarkers. The fact that
we replicate previous findings in humans to a large degree indicates
that we are capturing the same process, despite using fewer and a dif-
ferent subset of biomarkers (notably, missing inflammatory markers
entirely), and again highlights a notable consistency.

The stability of integrated albunemia within species was gener-
ally high between sexes or using a very minimal biomarker subset,
suggesting the phenomenon is generally quite robust. In particular,
the ability to use fewer biomarkers or limited subsets of the popula-
tion to get accurate measures has important practical implications.
The notable exception to the general robustness was in chimpanzees,
where loadings from males were extremely poor references and the
subset of biomarkers was only moderately correlated. The reasons
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for this conspicuous difference in one species are not immediately
evident, but a possible factor is that, despite reasonable numbers
of observations on males and females overall, there were very few
observations of older male chimpanzees (indeed all observations on
very old animals were from females). Hence, this poor correlation
could largely mean that younger male chimpanzees are not represen-
tative of females or the larger population, especially if we are trying
to measure a process predicted to be involved in aging.

Perhaps more surprising than overall high correlations within spe-
cies, integrated albunemia was sometimes strongly correlated even
across different species. Notably, for humans, scores from loadings
of common marmosets replicated scores from human loadings with
high accuracy (r = .91). Somewhat unexpectedly, the more closely re-
lated chimpanzees were not the best correlated with human biomarker
structure, even though chimpanzees showed very similar patterns of
age and mortality to humans. Again, chimpanzees were conspicuously
poorly correlated with other species in general, and, for the reasons
mentioned above, could be affected by demographic representation.
Given their similarity in integrated albunemia scores and in associ-
ations with age and mortality, common marmosets might prove to be
particularly useful research models for emergent physiological pro-
cesses in humans. This adds to previous recommendations to better
develop common marmosets as models for human aging (49,50).
Notably, in this study, common marmosets appear to be much better
models for emergent patterns of human physiology than rhesus ma-
caques, which are more commonly used as research models.

The effect of phylogeny on integrated albunemia was incon-
clusive. When all species were combined into a single PCA, more
closely related species had more similar PC1 values, as predicted.
However, when PCA was performed on each species separately and
scores from different species’ loading correlated, phylogenetic prox-
imity was actually negative correlated with similarity in integrated
albunemia loadings. As noted earlier, this result disappears if chim-
panzees are omitted, and there is no a priori explanation for this re-
sult, so it should be considered with caution. While these results are
inconclusive about the effect of phylogeny, we had too few species
to test for this effect rigorously. Further work including more species
and analyzing structure at multiple taxonomic levels will help de-
termine if evolutionary relationships indeed influence the similarity
in the structure and health consequences of integrated albunemia in
different species. Our results from the combined-species PCA suggest
some potential hypotheses about emergent physiological processes
at higher taxonomic levels (Supplementary Figure S1). For example,
there appears to be a major distinction between PC1 values for spe-
cies in the Parvorder Catarrhini (the taxonomic group including Old
World Monkeys and Apes (34)) and other species, perhaps suggesting
that important derived physiological characteristics appeared at this
stage. More broadly, our study illustrates the benefits of linking re-
search in aging to other disciplines, such as evolutionary biology.

While we did not examine further dimensions of variation in
detail, other PCA axes appeared to be less stable than integrated
albunemia. In PCA of each species separately, results for the second
and third axes were much more variable in that loadings were less
consistent across samples, and there were rarely strong correlations
and more commonly weak or no correlations within species. Among
species, PC2 and PC3 were relatively poorly correlated and highly
variable across species, often even showing negative correlations (as
PC loadings were standardized so that specific biomarkers showed
the same sign across all species; Supplementary Table S1).

In conclusion, revisiting our original hypothesis, integrated
albunemia appears to be a fundamental emergent physiological

process, present in all primates studied here, and it has some as-
sociation with age in most species but was not clearly associated
with survival outside of humans. While significant variation exists
in the characterization and consequences of integrated albunemia
in different species, this process clearly has a broader evolu-
tionary role across primates and is not restricted to humans or
closely related species. Our current results complement another
recent study using parts of the same primate database to dem-
onstrate conserved patterns of physiological dysregulation across
primates, with strong implications for aging and mortality (27).
Together, these studies provide evidence for evolutionarily broad
patterns of aging and for nonhuman primates as valuable models
of emergent processes and aging. A particularly promising model
system might be common marmosets, which matched human re-
sults closely and whose relatively small size and short lifespans
make them more practical research models. Further study into
other species might reveal even broader conservation of this pro-
cess and provide insight into basic mechanisms of animal and
human aging.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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