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Accurate assessment of critically ill patients is essential for informing treatment 
decisions and predicting outcomes. While chronological age—defined by the 
number of years lived—is commonly used in clinical practice, it does not necessarily 
capture a patient’s true physiological status. In contrast, biological age, which 
reflects genetic, environmental, and lifestyle factors, offers a more precise indicator 
of overall health. Emerging evidence supports its potential as a robust predictor 
of mortality, intensive care readmission, and disease severity in conditions such as 
sepsis and respiratory failure. Notably, unlike the linear progression of chronological 
age, biological age can fluctuate in response to acute stress and may revert to 
lower levels if the patient’s condition improves. This dynamic property underscores 
the utility of biological age in guiding invasive procedures, refining medication 
strategies, and optimizing nutrition and rehabilitation. The present study provides 
an overview of the definitions and methods used to calculate biological age, 
examines its current applications in critical care, and discusses its prospective 
roles in intensive care unit.
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Introduction

Accurate assessment of critically ill patients is very important. Many scoring tools such as 
Acute Physiology and Chronic Health Evaluation (APACHE) II score used in Intensive care 
unit (ICU) incorporate age as a variable (1). With the increasing global life expectancy, there 
is a growing number of elderly critical ill patients (2). Our previous research has shown that 
the average age of trauma patients has significantly increased over the past two decades (3). 
This trend presents new challenges for intensivists. Traditionally, chronological age—defined 
as the number of years a person has lived—which is unaffected by genetic, environmental, or 
lifestyle factors, and increases rigidly and linearly over time, is an important factor affecting 
diagnosis and treatment decisions in critically ill patients (4). However, research has found 
that chronological age does not always correlate with physiological health or cellular function 
(5). For instance, two patients with the same chronological age might have vastly different 
responses to disease, trauma, or recovery interventions, suggesting that a more nuanced 
marker is needed.

Biological age (BA) refers to the condition of an individual’s cells, tissues, and organs, 
reflecting how well or poorly they are aging (6). Unlike chronological age, the BA is influenced 
by various genetic, environmental, and lifestyle factors (7). Recent advances in science have 
made it possible to measure the BA using a variety of measures, including DNA methylation 
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patterns, telomere length, and other molecular or physiological 
indicators of cellular health (8). Assessing the BA may allow clinicians 
to better predict outcomes, tailor therapies, and manage care more 
effectively. In the field of critical care medicine, the number of studies 
focusing on the BA is limited. This review briefly described the 
definition and estimation methods of the BA, summarized researches 
reporting the value of the BA among critically ill patients and 
proposed potential scenarios in which the BA may play a significant 
role in the future development of critical care practices.

Definition of the BA

The definition of the BA is currently not fully standardized. It is 
generally defined as the age of an individual’s cells, tissues, and organs, 
based on their physiological and molecular status rather than merely 
the number of years they have lived (9). It is shaped by a combination 
of intrinsic factors—most notably genetics—and extrinsic factors, 
which include dietary habits, physical activity levels, and exposure to 
environmental stressors (9). The BA can accelerate or decelerate 
depending on the individual’s health and lifestyle choices (Figure 1). 
Furthermore, within the same disease lifecycle, biological age may 
accelerate or decelerate in response to different treatment responses 
and disease trajectories (10).

Methods of calculating the BA

There are numerous indicators and methods for calculating the 
BA, but the gold standard remains a topic of debate (11). Epigenetic 
clocks are widely used method of estimating the BA by analyzing the 
DNA methylation patterns. DNA methylation, a key epigenetic 
modification, involves the addition of methyl groups to the DNA 
molecule, typically at cytosine bases in CpG dinucleotides. These 
methylation patterns evolve over time and are influenced by a 
multitude of factors, including age, environment, lifestyle, and disease 
status. Specifically, the concept of the epigenetic clock stems from the 
observation that certain genomic loci undergo consistent changes in 
methylation as individuals age. These alterations can be harnessed to 
predict the BA with a remarkable degree of accuracy. The Horvath 
clock, developed by Steve Horvath in 2013 (12), is one of the most 
widely used epigenetic clocks. It estimates the BA based on DNA 
methylation data from over 350,000 CpG sites across the genome. 
Other commonly used epigenetic clocks—including the Hannum 
clock (13) and GrimAge (14)—focus on distinct sets of CpG sites. 
Additionally, telomere length, which shortens with each cellular 
division, has been widely used as an indicator of BA, although its 
reliability as a standalone measure remains a topic of debate (15).

While epigenetic clocks are accurate, their feasibility remains 
relatively low. Therefore, in recent years, several models for estimating 
the BA based on easily obtainable indicators have been proposed, 
including clinical biomarkers (14), metabolomics (16), microbiomics 
(17), functional tests (18), imaging methods (19, 20), and integrated 
methods (14), etc. Like PhenoAge—which is developed using clinical 
blood biomarkers—it offers greater accessibility and practicality for 
clinical use (14). The equations below describe the process of 
calculating PhenoAge.

	

 10   1
1.51714 / 0.0076927
EXP linear predictoryear mortality risk EXP

 −   − = −  ∗ 

The linear predictor = −19.907 + Albumin (g/L) × 
−0.0336 + creatinine (umol/L) × 0.0095 + glucose (mmol/L) × 
0.1953 + Ln [C-reactive protein (mg/dL)] × 0.0954 + lymphocyte 
percentage (%) × −0.012 + mean red blood cell volume (fL) × 
0.0268 + red blood cell distribution width (%) × 0.3306 + alkaline 
phosphatase (U/L) × 0.00188 + white blood cell count (103 cells/mL) 
× 0.0554 + chronological age (years) × 0.0804.

	 ( )141.50 0.00553 1  / 0.09165PhenoAge LN LN Mortality risk = + − ∗ − 

Currently, numerous online tools and commercial platforms are 
available to provide blood tests and related calculations. However, the 
predictive variables used in these new models are prone to being 
influenced by confounding factors and require correction using 

FIGURE 1

The difference between Chronological Age and Biological Age. This 
graph illustrates the relationship between chronological age and 
biological age over a lifespan (Simulated data). Black diagonal line: 
Chronological age, which shows a consistent and uniform rate of 
increase as time elapses. Gray circles: Biological age, which is 
affected by various internal and external factors and thus exhibits 
changes inconsistent with chronological age. Notably, biological age 
is modifiable and can potentially be reversed or stabilized through 
targeted interventions, emphasizing that the aging process is not 
purely deterministic.

Abbreviations: MLR, Multiple linear regression; PCA, Principal component analysis; 

KD, Klemera-Doubal method; AI, Artificial intelligence; PBL, Peripheral blood 

leukocyte; ARDS, Acute respiratory distress syndrome; DNA, Deoxyribonucleic 

acid; IMV, Invasive mechanical ventilation; PICU, Pediatric intensive care unit; 

APACHE, Acute physiology and chronic health evaluation; SAPS, Simplified acute 

physiology score; ELSO, Extracorporeal life support organization; ECPR, 

Extracorporeal cardiopulmonary resuscitation; RCT, Randomized control trial; 

COVID, Coronavirus disease; BA, Biological age; ICU, Intensive care unit.
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various mathematical models, such as Multiple Linear Regression 
(MLR), Principal Component Analysis (PCA), and the Klemera-
Doubal method (KD), etc. (8).

Recent advances in artificial intelligence (AI) and machine learning 
have introduced new opportunities for refining the BA predictions (21). 
In a recent study, the authors found a deep learning model based on 
easily obtainable and low-cost face photographs can estimate the BA 
and enhance survival prediction in patients with cancer (22). The 
substantial volume of data generated by ICU patients has enabled the 
prediction of BA using AI. Furthermore, the extensive longitudinal data 
available in the ICU has also rendered the prediction of dynamic 
changes in BA readily achievable. Furthermore, several studies have 
revealed that BA may vary across different organs and physiological 
systems, which can mutually influence one another. Using multi-omics 
data, Nie et al. estimated the BA of various organs (such as the liver and 
kidneys) and systems (including the immune and metabolic systems). 
Their results demonstrated heterogeneous aging rates among organs 
and systems, leading to the conclusion that individuals exhibit distinct 
aging patterns (56). Expanding on this, Ye et al. further revealed that the 
age of each organ selectively affects the aging rate of several 
interconnected organ systems. Based on these findings, they constructed 
multi-organ aging networks to model such interactions (7).

Current applications of BA in critical care

Ho et al. employed the Levine PhenoAge model (based on 9 blood 
biomarkers reflecting DNA methylation) to investigate BA in critically 
ill patients. They identified a U-shaped association between BMI and 
both frailty (measured via the Clinical Frailty Scale) and BA residuals 
(BA unexplained by chronological age), with patients having 
BMI < 18.5 or ≥ 40 exhibiting higher frailty and more accelerated BA; 
crucially, only frailty (OR = 1.30 per grade increment) and BA residuals 
(OR = 1.20 per 10-year increment) independently predicted mortality. 
In addition, they reported that PhenoAgeAccel (BA older than 
chronological age) was more prevalent in patients with unplanned ICU 
readmission (52% vs. 43%), and each 10-year increase in BA residuals 
was associated with a 12% higher risk of unplanned readmission 
(OR = 1.12) after adjusting for chronological age, comorbidities, and 
illness severity. Finally, they also demonstrated that BA and its residuals 
outperformed chronological age in discriminating hospital mortality 
(AUROC: 0.648/0.654 vs. 0.547); PhenoAgeAccel doubled mortality 
risk (unadjusted HR = 1.997) with a dose-dependent relationship 
persisting until a 20-year residual gap, and this association remained 
significant after confounder adjustment (adjusted HR = 1.386) (23–25). 
The adjustment is critical for applying PhenoAge in acute care settings, 
where patient blood tests may be skewed by acute inflammation, unlike 
the stable health conditions in which the original model was developed. 
Archana et al. conducted a comparative analysis of the PhenoAge and 
Hannum epigenetic age algorithms in critically ill patients with and 
without sepsis. Their findings revealed that only the PhenoAge model’s 
calculation of epigenetic age acceleration was significantly associated 
with sepsis and mortality outcomes, whereas the Hannum algorithm 
did not show such correlations (26). Additionally, Xu et al. demonstrated 
that higher PhenoAge was linked to an increased mortality risk in heart 
failure patients, further emphasizing the clinical relevance of epigenetic 
age acceleration (27). Martina et al. identified a distinctive epigenetic 
signature in immune-related genes among COVID-19 patients with 

ARDS, highlighting the role of epigenetic modifications in immune 
responses during severe infections (28). Cao et al. corroborated these 
findings by reporting significant epigenetic age acceleration in severe 
COVID-19 patients compared to healthy individuals (29).

Telomere length has emerged as another critical biomarker in the 
context of critical illness. Liu et al. found that shorter peripheral blood 
leukocyte (PBL) telomere length in critically ill patients, particularly 
those with sepsis, was associated with poorer survival rates and more 
severe ARDS (30). Yosra et al. extended these observations to critically 
ill COVID-19 patients with ARDS, noting that both epigenetic age 
acceleration and telomere attrition were linked to treatment outcomes. 
Notably, severe COVID-19 correlated with a significant increase in 
DNA methylation age, while telomere attrition did not show a 
significant change (31). Further supporting this, Ana reported that 
COVID-19 ICU patients with prolonged hospital stays, the need for 
invasive mechanical ventilation (IMV), or the development of fibrosis 
exhibited shorter telomere lengths during the first year post-discharge 
(32). In pediatric populations, Sören et al. observed shorter leukocyte 
telomeres in critically ill children admitted to the PICU (33). 
Conversely, Benjamin noted both shortening and lengthening of 
telomeres in general ICU patients, although these changes did not 
directly correlate with patient outcomes (34). Naara’s study reinforced 
the importance of telomere length by documenting its shortening in 
sepsis patients, thereby supporting its role as a marker of critical 
illness severity (35). Keyvan’s research on septic shock survivors 
revealed a decrease in leukocyte telomere length, although no direct 
correlation with organ failure was identified (36).

The future potential applications of BA 
in the ICU

Patient stratification-assessment of disease 
severity

BA can inform decisions about preventive strategies. For 
example, patients with a higher BA and associated frailty may benefit 
from early interventions such as physical therapy, nutritional support, 
and targeted vaccination to prevent complications like pneumonia. 
Studies have shown an association between BA and complications 
following major cancer surgery (37). Therefore, in prehabilitation 
programs, the adoption of certain evidence-based strategies proven 
to reduce BA may be incorporated to aim for a lower incidence of 
postoperative complications.

Traditional ICU scoring systems (e.g., APACHE, SAPS) primarily 
focus on physiological and laboratory parameters, with no 
consideration for interindividual variations in aging processes or 
baseline resilience. The integration of BA could offer a more nuanced 
perspective: it may help identify younger patients with substantially 
diminished physiological reserves, as well as older patients who retain 
relatively intact organ function (38–40). By leveraging physiological 
resilience, BA might further assist in patient prioritization, thereby 
facilitating the development of more personalized triage strategies. 
Consequently, investigating whether BA outperforms chronological 
age in optimizing these scoring tools represents a highly promising 
direction for future research. Correct patient stratification and 
assessment is better for resources allocation. This would be particularly 
beneficial during health crises like pandemics, where large numbers 
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of patients need to be triaged and treated simultaneously (41). Relying 
solely on chronological age can lead to undertreatment in older adults, 
even when they might have better biological resilience. Biological age 
may offer more precise criteria for ICU admission and the allocation 
of scarce resources, helping identify patients who have sufficient 
physiological reserves to benefit substantially from critical care 
interventions. Several studies found the BA was associated with the 
severity and mortality of patients with COVID-19 (29).

BA as a predictor of clinical outcomes and 
prognosis

Advanced chronological age was found to be strongly associated 
with poor outcomes such as severe organ failure, secondary infectious 
complications, intensive care utilization, ventilator days, mortality, 
and poor discharge disposition or loss of independent living status 
(long-term acute care facility, skilled nursing facility, hospice etc.) (42, 
43). BA, as it more accurately reflects the functional status of cells 
compared to chronological age, is theoretically a stronger predictor of 
various adverse events and prognostic outcomes than chronological 
age. Previous studies have found that the BA or the difference between 
BA and chronological age can predict the mortality rate and ICU 
readmission rate of critically ill patients (23–26). Therefore, the BA 
should be considered as one important variable for screening of risk 
factors and predicting the long-term and short-term prognosis of 
critically ill patients. In the field of critical care medicine, relatively few 
studies have explored and analyzed the impact of critical illnesses 
themselves or different interventions on the aging process and 
healthspan of critically ill patients. Biological age, as a surrogate 
marker for the latter, provides a foundation for research in this area.

Guiding individualized treatment

Age is a critical determinant in many intensive care treatment 
protocols. For example, the Extracorporeal Life Support Organization 
(ELSO) guidelines for adult extracorporeal cardiopulmonary 
resuscitation (ECPR) identify being under 70 years of age as one of the 
indications for ECPR (44). In the future, the BA might be a more 
appropriate alternative to chronological age in the above mentioned 
algorithm to choose invasive treatments.

Many syndromes like sepsis in the ICU are highly heterogeneous, 
involving diverse pathophysiological processes that vary among 
different patients. This may partially explain the failure of many 
promising treatments in critically ill patients (45). More and more 
studies are exploring the subphenotypes of the above-mentioned 
syndromes based on various indicators. These subphenotypes 
demonstrate divergent responses to identical therapeutic interventions 
in randomized controlled trials (RCTs) (45), underscoring the critical 
need to identify distinct subgroups. Such characterization enables the 
delineation of patient populations who are most likely to benefit from 
specific treatments, thereby facilitating precision intervention 
strategies. In contrast to the fixed nature of chronological age, 
biological age (BA) dynamically adapts to disease severity and 
treatment efficacy, positioning it as a robust biomarker for 
distinguishing syndrome trajectories and optimizing patient 
stratification for personalized therapy.

Jesse et  al. observed that stressors including major surgery, 
pregnancy, and severe illnesses (e.g., COVID-19) induce an elevation 
in biological age (BA)—a rise that is reversed upon recovery from the 
stressor. This phenomenon of reversible BA has also been documented 
in individuals of advanced chronological age (10). Collectively, these 
findings underscore that BA is not a static or unidirectionally 
progressive metric; instead, it undergoes reversible changes across 
diverse timeframes, spanning from days to months. This dynamic 
property of BA holds substantial clinical implications. First, the efficacy 
of anti-aging interventions in critically ill patients could be evaluated 
based on the magnitude and rate of BA recovery—a principle that also 
extends to assessing the effectiveness of other conventional critical care 
therapies. For instance, Jesse et al. demonstrated that the administration 
of tocilizumab accelerates BA recovery in patients recovering from 
COVID-19 (10). Beyond treatment evaluation, BA serves as a pivotal 
biomarker reflecting interindividual differences in metabolism, 
detoxification capacity, and organ function (46), making it possible for 
tailoring personalized medical strategies—from drug therapies and 
nutritional plans to rehabilitation protocols and surgical approaches. 
Additionally, as advancements in intensive care lead to an increasing 
number of patients surviving into persistent/chronic critical illness 
states (47), harnessing BA’s dynamic characteristics can help identify 
those at higher risk of such prolonged conditions, thereby enabling 
timely implementation of close monitoring and more aggressive 
interventions to reduce the number of critically ill patients progressing 
to a state of chronic critical illness. Studies have demonstrated that 
preoperative BA is closely associated with postoperative complications 
in patients undergoing major oncologic surgery. Therefore, 
preoperative strategies aimed at reducing BA in patients with advanced 
biological age may help mitigate the risk of postoperative complications 
(36) (Figure 2).

The implications of BA on future critical 
care trials

Some researchers have expressed concerns regarding the use of 
mortality rate as the sole endpoint in clinical trials for severe illnesses. 
It is equally crucial to consider other outcomes, including treatment 
safety, patient and family experience, accelerated recovery from 
critical illness, and a reduction in critical illness-associated long-term 
sequelae (48). The reversible nature of BA enables it to serve as a useful 
marker for tracking the recovery or deterioration of physiological 
function over time in critically ill patients. Furthermore, BA could 
represent a valuable endpoint in critical care medicine clinical trials—
for instance, as a primary or secondary endpoint in phase II trials, or 
as a secondary endpoint in phase III trials involving critically ill 
patients or those undergoing major surgery. Additionally, clinical 
trials in the field of critical care medicine rarely focus on the impact 
of the disease itself or interventions on aging, and BA as an outcome 
measure can partially compensate for this gap. Additionally, traditional 
randomized controlled trials (RCTs) conducted in the ICU frequently 
rely on chronological age as either an inclusion/exclusion criterion or 
a stratification factor for randomization. However, two patients with 
the same chronological age could have vastly different health statuses. 
BA can better identify younger patients who are physiologically “frail” 
and older patients who remain physiologically robust, thus creating a 
more uniform study population in terms of physiological aging. 

https://doi.org/10.3389/fmed.2025.1686899
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Jiang and Han� 10.3389/fmed.2025.1686899

Frontiers in Medicine 05 frontiersin.org

Therefore, the BA might be more appropriate than chronological age. 
Meanwhile, BA may be  more a potentially valuable factor for 
intervention stratification in future ICU-based trials. Critically ill 
patients who are biologically older than their corresponding 
chronological ages may be  prone to benefit form more early and 
proactive clinical intervention measures. Thirdly, in observational 
studies, BA should be adjusted in screening for risk factors, evaluation 
of intervention efficacy, and screening for prognostic factors.

The relationship between frailty and BA

Clinical frailty describes a state of decline in physical, 
physiological, and cognitive reserves, is characterized by the 
diminished resistance to both endogenous and exogenous stressors, 
which leads to an increased vulnerability of individuals to diseases 
(18). The prevalence of frailty increases with age and is characterized 
by reduced mobility, weakness, decreased muscle mass, poor 
nutritional status, and cognitive impairment. It is strongly associated 
with adverse outcomes following ICU admission, independently of 
and superior to chronological age (49). Frailty can be measured or 
assessed using various methods. Different from the traditional 
indicators for calculating BA, the scores used to evaluate frailty heavily 
weighted on assessing patient function and includes a patient’s ability 
to mobilize as well as inquiring about their habitual physical activity 
and abilities (50). Frailty can be seen as a specific expression of BA, 
particularly in older adults, and captures age-related decline in 
physiological reserve. Frailty index scores demonstrate interindividual 
variation among aged peers, with individual scores potentially 

declining while the group average increases over time, which accounts 
for the heterogeneity and plasticity of aging (51). Both frailty and BA 
are important for understanding and managing age-related health 
risks and promoting healthy aging. Anthony and Ho (52) conducted 
a single-center retrospective cohort study of 1,073 critically ill adults 
in Western Australia. They reported that PhenoAge and the Clinical 
Frailty Scale (CFS), both assessed at ICU admission, were moderately 
correlated and independently predictive of hospital mortality and no 
significant differences in their discriminative performance. The 
authors further observed a significant interaction between PhenoAge 
and frailty on mortality risk, which was most pronounced in patients 
without clinical frailty.

Future Directions and Challenges of BA 
Application in Critical Care

The future will also witness the advancement of emerging 
technologies that enhance the accuracy, accessibility, and speed of BA 
assessments. Innovations in molecular diagnostics—such as portable 
or wearable devices capable of BA measurement—may facilitate the 
direct integration of BA testing into hospital and intensive care unit 
(ICU) settings (53). Such devices could generate real-time BA data for 
patients, enabling more timely clinical decision-making and more 
precise tailoring of interventions. Furthermore, these tools would 
provide clinicians with dynamic insights into a patient’s health 
trajectory, supporting the formulation of more evidence-based 
treatment strategies. With the help of AI-driven predictive models, BA 
assessments could become a routine part of precision medicine 

FIGURE 2

Potential value and applications of biological age at different stages in the management of critically III patients.
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strategies, offering a personalized roadmap for managing acute illness 
or injury (54). Furthermore, exploring the causes of accelerated 
biological age is not only a future research direction but also a crucial 
measure to identify targets for reducing BA and delaying aging. For 
example, emerging evidence suggests that gut microbiota dysbiosis is 
associated with accelerated epigenetic aging clocks. Studies have also 
shown that chronic inflammation and senescence of immune cells are 
associated with accelerated BA. These findings provide important 
insights into the mechanisms of biological aging acceleration and offer 
promising directions for targeted interventions (55).

Despite its potential, there are several challenges to the widespread 
adoption of BA in critical care. First, many of the tools used to 
calculate BA, such as epigenetic clocks or telomere measurements, 
require specialized equipment and expertise, which may not be readily 
available in all hospitals or clinics. Additionally, BA is influenced by a 
variety of factors, including genetics, lifestyle, and environmental 
exposures, which can make it difficult to interpret in the context of 
acute illness. Another limitation is that the assessment of BA lacks 
standardized criteria. This uncertainty can impact the making of 
clinical decisions and hinder cross-institutional comparisons. The 
establishment of unified standards for BA assessment and their 
validation through large-scale studies are essential. Ethical 
considerations are also paramount. Beyond the necessity to protect 
patient privacy, the potential misuse of BA assessments in clinical 
practice, particularly in terms of resource allocation and access to care, 
warrants significant attention. For example, there is a risk that 
individuals with accelerated biological aging could be  unfairly 
deprioritized for life-saving interventions based on assumptions about 
their long-term survival prospects. The other ethical issue is the 
misuse of BA for being declined or paying a higher premium for 
insurance. To address these concerns, it is crucial that clear ethical 
guidelines are developed to govern the use of BA in clinical practice.

Conclusion

Biological age shows promise as a more accurate indicator of 
physiological status than chronological age, offering potential benefits 
in risk stratification, targeted therapies, and prognostic evaluations in 
critical care. Further research is needed to standardize methods, 
address ethical issues, and integrate biological age into routine practice 
to improve patient outcomes.
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