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Background: The prognostic significance of dynamic changes in the albumin-to-C-reactive protein ratio (ACR) in elderly patients
with community-acquired pneumonia (CAP) has not been fully elucidated. This study aims to evaluate the utility of ACR as a dynamic
biomarker for predicting 28-day mortality and enhancing risk stratification in this high-risk population.

Methods: A retrospective cohort study was conducted on 437 elderly CAP patients (=65 years). Serum albumin and C-reactive
protein (CRP) levels were measured at admission (TO0), 24 hours (T1), and 3 days (T2) post-admission. ACR was calculated for each
time point, and its prognostic value was assessed using advanced statistical methods.

Results: The 28-day mortality rate was 16.7%. ACR levels were consistently lower in non-survivors across all time points (P <
0.001). RCS analysis revealed a nonlinear relationship between ACR and mortality risk. Time-varying ROC analysis demonstrated that
ACR consistently outperformed CRP in predicting mortality, with superior area under the curve (AUC) values at all time points.
Random-effects modeling indicated minimal inter-individual variability in ACR (random effects variance: 0.030; standard deviation:
0.175). Time-varying Cox regression confirmed a strong negative association between dynamic ACR changes and mortality risk, with
a C-statistic of 0.833 (P < 0.001).

Conclusion: Dynamic monitoring of ACR is a robust and clinically applicable tool for predicting short-term mortality in elderly CAP
patients. By integrating markers of inflammation and nutritional status, ACR facilitates early identification of high-risk patients and
supports personalized treatment strategies. These findings highlight the potential of ACR as a novel biomarker for improving clinical
outcomes in this vulnerable population.
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Introduction

Community-acquired pneumonia (CAP) is a significant cause of morbidity and mortality in the elderly population, posing
substantial clinical and public health challenges." While CAP affects individuals across all age groups, its impact on
elderly patients is disproportionately severe due to age-related immune decline, underlying comorbidities, and differences
in causative pathogens.” The pathophysiology of CAP in older adults is particularly complex, involving microbial
infections, dysregulated inflammatory responses, and immune dysfunction.® Immunosenescence, or the age-related
decline in immune function, coupled with a high prevalence of chronic conditions such as diabetes, chronic obstructive
pulmonary disease (COPD), and cardiovascular diseases, renders older adults highly vulnerable to severe disease and
poor outcomes.® Furthermore, the clinical presentation of CAP in the elderly is often atypical, such as the absence of
fever or cough, leading to delayed diagnosis and treatment, which further exacerbates mortality risks.’ Early identifica-
tion of high-risk patients and timely interventions are therefore critical for improving outcomes in this vulnerable

population.
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Inflammation and nutritional status are increasingly recognized as key factors influencing CAP prognosis.® Excessive
immune activation in response to pathogens, often manifesting as a “cytokine storm”, plays a central role in disease
progression, particularly in elderly patients.” C-reactive protein (CRP), a well-established acute-phase inflammatory
biomarker, has been widely utilized for diagnosing and predicting outcomes in infectious diseases.® However, CRP alone
has limited prognostic value in elderly CAP patients, as it does not adequately capture their nutritional status or chronic
inflammatory burden.” Malnutrition, particularly hypoalbuminemia, has been identified as a critical risk factor for poor
outcomes in this population.'® Albumin, a key marker of nutritional status, also exhibits antioxidant, anti-inflammatory,
and immune-modulating properties, with lower levels consistently associated with higher mortality risk.""

To address the limitations of single biomarkers, the albumin-to-CRP ratio (ACR) has recently been proposed as
a composite indicator that integrates information on both inflammation and nutritional status.'>'* ACR offers a more
comprehensive assessment of a patient’s pathophysiological state. Previous studies have demonstrated the prognostic
significance of ACR in various conditions, including cardiovascular diseases, cancer, and infectious diseases.'*'> For
instance, recent evidence indicates that lower ACR levels are strongly associated with higher mortality in critically ill CAP
patients, suggesting its potential as a sensitive prognostic tool.'® Specifically, little is known about the dynamic changes in
ACR during the early stages of treatment and their association with mortality risk. This knowledge gap is particularly relevant
in elderly CAP patients, where the interplay between inflammation and malnutrition is complex and dynamic.

This study aims to address these gaps by investigating the dynamic changes in ACR during the early treatment stages of
elderly CAP patients and their association with 28-day mortality. Unlike previous studies that relied on single-point measure-
ments, this research focuses on ACR trends at multiple time points—admission (T0), 24 hours post-admission (T1), and 3 days
post-admission (T2)—to provide a more nuanced understanding of its prognostic value. By integrating dynamic inflammation
and nutritional markers, this study seeks to clarify the role of ACR as a sensitive and practical biomarker for risk stratification in
elderly CAP patients. The findings offer a novel perspective on how dynamic ACR monitoring can inform clinical decision-
making and guide individualized treatment strategies. Early recognition of high-risk patients through ACR monitoring may
enable timely interventions, ultimately improving outcomes in this vulnerable population.

Methods
Study Design and Patients

This single-center, retrospective cohort study was conducted at the Second People’s Hospital of Lianyungang from
June 2019 to June 2024. We included patients aged 65 years or older who were hospitalized with CAP and followed up
for 28 days after admission. Clinical data were extracted from the hospital’s electronic medical record system and
included demographic information, clinical characteristics, laboratory findings, microbiological results, comorbidities,
and clinical outcomes.

Definition of CAP

The diagnosis of CAP was based on the criteria outlined in the guidelines of the American Thoracic Society (ATS) and
Infectious Diseases Society of America (IDSA).'” Specifically, CAP was defined as the presence of newly acquired
respiratory symptoms (eg, cough, sputum production, dyspnea, or chest pain), accompanied by at least one systemic
symptom (eg, fever, chills, or leukocytosis), and supported by chest radiographic confirmation of new infiltrates
consistent with pneumonia. These criteria excluded patients with hospital-acquired pneumonia, ventilator-associated
pneumonia, or other noninfectious causes of pulmonary infiltrates.

Inclusion Criteria
1. Age >65 years.
2. Diagnosis of CAP according to the ATS/IDSA CAP guidelines.'’
3. Availability of comprehensive laboratory data, including serum albumin and CRP measurements.
4. Hospital stay of > 3 days to ensure the collection of dynamic data.
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Exclusion Criteria
1. Diagnosis of hospital-acquired pneumonia.
2. Liver dysfunction classified as Child-Pugh Grade C.
3. End-stage renal disease requiring long-term dialysis.
4. Immunosuppressed state, including patients with HIV infection, those on long-term immunosuppressive therapy, or
corticosteroid treatment (> 20 mg/day for > 2 weeks).

9]

. Terminal-stage malignant tumors.
6. Missing critical data, such as serum albumin and CRP at key time points.

Ethics Approval

The study was approved by the Ethics Committee of the Second People’s Hospital of Lianyungang (Approval
No. 2022K040) and adhered to the ethical principles outlined in the Declaration of Helsinki. As this was
a retrospective study utilizing pre-existing clinical data without direct patient intervention, the requirement for informed
consent was waived by the Ethics Committee.

Data Collection
Trained researchers extracted clinical data from the hospital’s electronic medical record system. The collected data
included:

Demographic Information: Gender and age.

Clinical Characteristics: Body mass index (BMI),'® Charlson Comorbidity Index (CCD)" to assess comorbidities, and
pathogen information.

Vital Signs: Heart rate (HR), systolic blood pressure (SBP), and diastolic blood pressure (DBP).

Nutritional Assessment: Mini Nutritional Assessment-Short Form (MNA-SF) score to evaluate nutritional status.

Laboratory Data: Serum albumin and CRP levels measured on the day of admission (T0), 24 hours after admission
(T1), and three days after admission (T2). Additional laboratory parameters included white blood cell count (WBC),
platelet count (PLT), hemoglobin (HB), aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood urea
nitrogen (BUN), and blood glucose (Glu).

Clinical Outcomes: Survival or death within the 28-day follow-up period.

Underlying Diseases and Microbiological Data

Patient data regarding underlying diseases were extracted from the hospital electronic medical record system and
admission notes. The following comorbidities were evaluated: diabetes mellitus, chronic obstructive pulmonary disease
(COPD), cardiovascular diseases (eg, hypertension, coronary artery disease), chronic kidney disease, cerebrovascular
disease, and others.

The microbiological data for this study were retrospectively collected from the electronic medical record system of
the hospital. Data included results from routine microbiological tests performed during hospitalization, recorded as part
of standard clinical care. These tests aimed to identify potential pathogens associated with CAP and included bacterial,
fungal, and viral pathogens. Microbiological results were obtained from respiratory samples (eg, sputum, bronchoalveo-
lar lavage fluid), blood cultures, and urinary antigen tests. Additionally, for viral pathogens, nasopharyngeal or throat
swab samples collected during admission were tested for respiratory viruses including: COVID-19 (SARS-CoV-2),
identified using reverse transcription polymerase chain reaction (RT-PCR) in line with standard clinical protocols, and
Influenza viruses (A and B), identified by either RT-PCR or rapid antigen detection tests.

Only microbiological test results obtained within the first 48 hours of admission were included in this study to ensure
that the data represented pathogens associated with community-acquired infections rather than hospital-acquired

infections.
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Nutritional Assessment

Nutritional status was assessed using the Mini Nutritional Assessment-Short Form (MNA-SF), a validated screening tool
specifically designed for elderly patients.”” The MNA-SF consists of six items evaluating key aspects of nutritional
health, with a total score ranging from 0 to 14. Based on the total score, patients were classified into three categories: (1)
12—14 points: Normal nutritional status; (2) 8—11 points: At risk of malnutrition; (3) 0-7 points: Malnutrition. All
assessments were conducted by trained healthcare professionals upon patient admission.

Albumin/CRP Ratio Calculation

The ACR was calculated for each patient at each time point using the formula:ACR = serum albumin (g/L) / serum CRP
(mg/L).2" All laboratory measurements were performed in the hospital’s clinical laboratory department following
standardized operating procedures and quality control protocols.

Missing Data Handling

In this study, the proportion of missing data was low (<5%) and primarily classified as missing completely at random (MCAR).
To address this, multiple imputation was employed to handle random missing values. Variables included in the imputation
process were demographic information (eg, age, gender), clinical characteristics (eg, BMI, Charlson Comorbidity Index),
laboratory parameters (eg, serum albumin, CRP), and 28-day survival status. The imputation was performed using a multivariate
regression model, generating five imputed datasets, and the results were pooled for subsequent analyses. For systematic
missingness, such as data loss at later time points due to early death, a competing risks model was utilized to minimize bias.

Statistical Analysis

All statistical analyses were conducted using SPSS Statistics version 21.0 and R software version 4.4.1. The normality of
continuous variables was assessed using the Shapiro—Wilk test. Variables with a normal distribution were expressed as mean
+ standard deviation (SD), while non-normally distributed variables were presented as median and interquartile range (IQR).
Categorical variables were summarized as counts and percentages. Comparisons of continuous variables with a normal
distribution were performed using the independent samples #-test, while the Mann—Whitney U-test was used for non-
normally distributed data. Categorical variables were analyzed using the chi-square test or Fisher’s exact test, as appropriate.

To investigate the nonlinear relationship between the ACR and mortality risk, restricted cubic spline (RCS) regression
analysis was employed. The dynamic trends of CRP and ACR over time were evaluated using linear mixed-effects
models, which included fixed effects (time points and survival status), random effects (individual variability), and
interaction terms between time and survival status to assess differences in trajectories between groups.

The prognostic performance of CRP and ACR at various time points was assessed using receiver operating
characteristic (ROC) curve analysis. The area under the ROC curve (AUC) was calculated for each biomarker, with
higher AUC values indicating superior discriminatory ability. Differences between AUCs were statistically compared
using the DeLong test. To further evaluate the predictive accuracy of CRP and ACR over time, time-dependent ROC
curve analyses were conducted at days 10, 15, and 25, employing a cumulative/dynamic approach to account for data
censoring and changes in follow-up duration.

The relationship between dynamic ACR changes and 28-day mortality was assessed using Cox proportional hazards
regression. Hazard ratios (HRs) with 95% confidence intervals (Cls) were calculated for univariate and multivariate
analyses. Subgroup analyses explored the effects of dynamic ACR changes across patient categories. The goodness-of-fit
of the Cox regression model was assessed using Harrell’s concordance index (C-statistic). All statistical tests were two-
sided, and a P-value < 0.05 was considered statistically significant.

Results

Clinical Characteristics Across Groups
A total of 437 elderly patients diagnosed with CAP were included in the study based on the predefined inclusion and
exclusion criteria, as illustrated in Figure 1. The overall 28-day mortality rate was 16.7%. The clinical characteristics of
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Patients aged >65 years with CAP
between June 2019 to June 2024
N=738

Excluded(n=129):

Hospital-acquired pneumonia (n=47)

Lack of data on serumalbumin and C-reactive
protein (n=82)

A

A 4

Patients included
N=609 Excluded(n=79):

Hospital stay less than 3 days (n=39)

Liver dysfunction classified as Child-Pugh

Grade C (n=19)

End-stage renal disease requiring long-term

- dialysis (n=21)
Patients included
N=530
Excluded(n=40):
P Long-term immunosuppressive therapy (n=22)
X Corticosteroid treatment > 20 mg/day for >2
A 4 weeks (n=18)
Patients included
N=490
Excluded(n=53):
Lack of follow-up data (n=21)
v Incomplete clinical data (n=32)
Patients included
N=437
v v
Survival Group Death Group
(n=364) (n=73)

Figure | Flow diagram displaying the progress of all participants through the study.

the survival and deceased groups are summarized in Table 1. No significant differences were observed in gender
distribution between the two groups. However, the mean age of the deceased group (81.10 + 5.44 years) was significantly
higher than that of the survival group (76.99 + 6.52 years, P < 0.001). Although body mass index (BMI) did not differ
significantly between the groups, nutritional status assessments revealed notable differences. The Mini Nutritional
Assessment-Short Form (MNA-SF) score in the deceased group was significantly lower than that in the survival group
(P <0.001), with a higher proportion of malnourished patients (MNA-SF < 7) in the deceased group (64.4%) compared
to the survival group (21.4%, P < 0.001). The Charlson Comorbidity Index (CCI), which reflects the burden of
comorbidities, was significantly higher in the deceased group than in the survival group (P < 0.001).

The levels of CRP were significantly higher in the deceased group compared to the survival group at all three time
points: TO, T1, and T2 (P < 0.001). Conversely, serum albumin levels were significantly lower in the deceased group than
in the survival group at the same time points (P < 0.001). The ACR, a composite indicator of nutritional and
inflammatory status, was markedly lower in the deceased group compared to the survival group at TO, T1, and T2
(P < 0.001). Figure 2 illustrates the differences in CRP levels (Figure 2A) and ACR levels (Figure 2B) between the
survival and deceased groups at three time points: TO (admission), T1 (24 hours post-admission), and T2 (3 days post-
admission). CRP levels were consistently higher in the deceased group across all time points, indicating a stronger
inflammatory response. Conversely, ACR levels were significantly lower in the deceased group, reflecting poorer

nutritional and inflammatory status.
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Table | Clinical Characteristics Across Groups

Variables Total (n=437) Survival Group (n=364) | Death Group (n=73) | P-value
Gender 0.701
Male, n (%) 226(51.7) 190(52.2) 36(49.3)

Female, n (%) 211(48.3) 174(47.8) 37(50.7)

Age, mean (SD) 77.68(6.53) 76.99(6.52) 81.10(5.44) <0.001
BMI, kg/m?, mean (SD) 23.05(2.66) 23.10(2.60) 22.78(2.92) 0.353
Underlying Diseases

Hypertension, n (%) 167(38.2) 140(38.5) 27(37.0) 0.895
Diabetes, n (%) 149(34.1) 118(32.4) 31(42.5) 0.106
Cardiovascular disease, n (%) 108(24.7) 89(24.5) 19(26.0) 0.768
COPD, n (%) 123(28.1) 100(27.5) 23(31.5) 0.479
Cerebrovascular disease, n (%) 158(36.2) 126(34.6) 32(43.8) 0.144
Etiology 0.870
Influenza virus, n (%) 123(28.1) 103(28.3) 20(27.4)

COVID-19, n (%) 105(24.0) 87(23.9) 18(24.7)

Bacterial pneumonia, n (%) 138(31.6) 117(32.1) 21(28.8)

Unknown, n (%) 71(16.2) 57(15.7) 14(19.2)

MNA-SF, mean (SD) 9.86(2.56) 10.35(2.31) 7.45(2.35) <0.001
Nutritional status <0.001
Normal Nutrition (MNA-SF:12—-14), n (%) 145(33.2) 140(38.5) 5(6.8)

At Risk of Malnutrition (MNA-SF:8—11), n (%) | 167(38.2) 146(40.1) 21(28.8)

Malnutrition (MNA-SF:0-7), n (%) 125(28.6) 78(21.4) 47(64.4)

CCl, mean (SD) 3.06(1.01) 2.91(0.93) 3.82(1.06) <0.001
HR, beats/min, mean (SD) 85.71(17.18) 85.88(17.70) 84.84(14.36) 0.635
SBP, mmHg, mean (SD) 125.51(25.47) 125.78(25.90) 124.12(23.32) 0.612
DBP, mmHg, mean (SD) 71.25(12.47) 71.32(12.53) 70.92(12.28) 0.801
CRP T0, mg/L, median (IQR) 55.80(36.05,75.50) | 52.60(34.70,73.20) 66.90(43.55,79.80) <0.001
CRP T1, mg/L, median (IQR) 62.68(46.60,78.80) | 60.71(45.25,77.14) 77.50(55.40,88.77) <0.001
CRP T2, mg/L, median (IQR) 42.20(32.20,65.50) | 38.35(31.10,56.60) 66.50(45.50,89.40) <0.001
Alb TO, g/L, mean (SD) 32.97(3.73) 33.25(3.77) 31.52(3.13) <0.001
Alb T1, g/L, mean (SD) 32.47(3.05) 32.81(3.01) 30.80(2.70) <0.001
Alb T2, g/L, mean (SD) 32.99(3.12) 33.59(2.90) 29.99(2.43) <0.001
ACR T0, ng/mL, median (IQR) 0.60(0.43,0.92) 0.62(0.46,0.99) 0.47(0.35,0.72) <0.001
ACR T1, ng/mL, median (IQR) 0.51(0.40,0.70) 0.53(0.41,0.73) 0.41(0.34,0.54) <0.001
ACR T2, ng/mL, median (IQR) 0.77(0.52,1.07) 0.86(0.59,1.13) 0.46(0.34,0.64) <0.001
WBC, x109/L, mean (SD) 12.70(3.47) 12.62(3.36) 13.08(3.98) 0.308
PLT, x109/L, mean (SD) 174.68(77.95) 176.78(80.04) 164.21(66.09) 0.209
HB, g/L, mean (SD) 102.37(22.30) 102.08(23.07) 103.84(18.05) 0.539
AST, U/L, median (IQR) 33.00(26.00,46.50) | 33.00(25.25,45.00) 34.00(26.00,54.50) 0.147
ALT, U/L, median (IQR) 32.00(22.00,42.00) | 32.00(22.00,41.75) 37.00(21.50,49.50) 0.227
BUN, mg/dL, mean (SD) 22.24(6.84) 22.35(6.87) 21.73(6.75) 0.480
Glu, mmol/L, mean (SD) 8.29(2.03) 8.25(1.99) 8.46(2.22) 0.424

Abbreviations: BMI, Body Mass Index; COPD, Chronic Obstructive Pulmonary Disease; COVID-19, Coronavirus Disease 2019; MNA-SF, Mini Nutritional
Assessment-Short Form; CCl, Charlson Comorbidity Index; CRP, C-reactive protein; Alb, Serum Albumin; ACR, Albumin-to-C-reactive protein ratio; HR, Heart
Rate; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; WBC, White blood cell; PLT, Platelet; HB, Hemoglobin; AST, Aspartate aminotransferase; ALT,
Alanine aminotransferase; BUN, Blood urea nitrogen; GLU, Blood glucose; IQR, Interquartile Range; SD, Standard Deviation; TO, On the day of admission; T1,
24 hours after admission; T2, 3 days after admission.

Non-Linear Association Between Dynamic Changes in ACR and Mortality Risk

Using restricted cubic spline (RCS) analysis, we evaluated the relationship between the ACR and mortality risk
(expressed as Odds Ratio, OR) while density curves illustrated the distribution of ACR values. At admission (TO0),
a significant nonlinear relationship was observed between ACR values and mortality risk. As ACR values increased, OR
values declined markedly, indicating that higher ACR values were associated with a reduced mortality risk. Specifically,
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Figure 2 Comparison of CRP (A) and ACR (B) between different prognostic groups.
Notes: (A) shows the median CRP levels at TO, T|, and T2 for the survival and deceased groups. CRP levels were consistently higher in the deceased group across all time
points (P < 0.001). (B) illustrates the median ACR levels at TO, T1, and T2 for the survival and deceased groups. Statistical significance was determined using the Mann—

Whitney U-test.
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when ACR increased from 0.5 to 1.5, OR values decreased from approximately 1 to 0.5, demonstrating a protective
effect (Figure 3A). The density curve revealed that ACR values at TO were relatively concentrated, primarily ranging
between 0.5 and 1.5. At 24 hours after admission (T1), the nonlinear relationship between ACR and mortality risk
persisted, but the trend exhibited a notable change. As ACR values increased, OR values initially decreased, followed by
an upward trend, suggesting that excessively high ACR values might be associated with increased mortality risk
(Figure 3B). The density curve showed a more dispersed distribution of ACR values at T1 compared to TO0, extending
from 0.5 to 2.5. At 3 days after admission (T2), the relationship between ACR and mortality risk became more complex.
OR values significantly decreased when ACR values were low (<1.0) but tended to stabilize when ACR values exceeded
1.5 (Figure 3C). This suggests that in the early stages of treatment, increases in ACR values were associated with
a significant reduction in mortality risk, though the impact diminished at later stages. The density curve at T2 indicated
a more uniform distribution of ACR values, primarily ranging from 0.5 to 2.0.

Dynamic Trends of Predicted CRP Values

This study analyzed the trends in predicted CRP values, stratified by survival status into the survival and death groups,
and assessed them at three time points (TO, T1, T2). The linear mixed-effects model revealed significant differences in
CRP values across time points and between prognostic groups. Specifically, CRP values significantly increased at T1,
rising by 9.15 compared to baseline (T0, P < 0.001), and then significantly decreased at T2, dropping by 9.33 compared
to T1 (P <0.001). Additionally, CRP values in the death group were significantly higher than those in the survival group,
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Figure 3 The relationship between ACR and mortality risk across the three time points.

Notes: (A) ACR at TO and its association with OR. (B) ACR at T and its association with OR. (C) ACR at T2 and its association with OR. The blue line represents the
estimated OR for mortality associated with different ACR values, and the shaded area indicates the 95% CI. The red dashed line denotes the ACR threshold, which serves as
the cutoff point for comparing the association between ACR levels and mortality risk. The gray curve represents the density distribution of ACR values in the population.
Abbreviations: CRP, C-reactive protein; ACR, Albumin-to-C-reactive protein ratio; TO, On the day of admission; T, 24 hours after admission; T2, 3 days after admission.
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with an increase of 13.70 (P < 0.001). Interaction effects revealed that at T2, CRP values in the death group were
significantly higher than in the survival group, with an increase of 12.04 (P = 0.004). These findings suggest that dynamic
changes in CRP values are closely associated with patient prognosis (Figure 4A).

Dynamic Trends of Predicted ACR Values

The trends in predicted ACR values were also analyzed using a linear mixed-effects model, which identified significant
differences across time points and prognostic groups. ACR values significantly decreased at T1, dropping by 0.12
compared to TO (P < 0.001), and then rebounded significantly at T2, increasing by 0.14 (P <0.001). ACR values in the
death group were consistently lower than those in the survival group, with a reduction of 0.21 (P < 0.001). Interaction
effects showed that at T2, the ACR in the death group was significantly lower than in the survival group, with
a decrease of 0.19 (P = 0.001). Random effects analysis indicated minimal variability in ACR values among
individuals, with a random effects variance of 0.030 (standard deviation: 0.175), suggesting consistent changes across
patients (Figure 4B).

ROC Curves for CRP and ACR in Prognostic Prediction

The prognostic predictive capabilities of CRP and ACR were evaluated at different time points in elderly patients with
CAP. As shown in Figure 5, at TO, the area under the curve (AUC) for CRP was 0.650 (95% CI: 0.584-0.715). At T1, the
AUC was 0.638 (95% CI: 0.569—-0.708), and by T2, the AUC increased to 0.775 (95% CI: 0.723-0.826), indicating
significantly improved predictive ability (P < 0.001). In contrast, the AUC for ACR at TO was 0.664 (95% CI:
0.599-0.730), which slightly increased to 0.665 (95% CI: 0.599-0.731) at T1. By T2, the AUC for ACR rose
significantly to 0.821 (95% CI: 0.776-0.865, P < 0.001), outperforming CRP in prognostic prediction (P < 0.001).

Time-Dependent ROC Curve Analysis and AUC Values

In this study, the CRP levels and ACR on days 10, 15, and 25 were not directly measured values but rather predicted
values generated based on a statistical model. The calculation of these predicted values aims to explore the dynamic
changes of biomarkers and their potential prognostic significance. For the CRP model, the time-dependent AUC values
were 0.528, 0.603, and 0.641 at D10, D15, and D25, respectively. In comparison, the time-dependent AUC values for the
ACR model were 0.575, 0.631, and 0.655 at the corresponding time points (Figure 6).

As shown in the time-varying ROC curve analysis (Figure 7), the predictive performance of the ACR model was
consistently superior to that of the CRP model over time. At all key time points, the AUC for ACR exceeded that of CRP,
highlighting the stronger prognostic predictive capability of ACR for monitoring dynamic disease progression.
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Figure 4 Dynamic trends of predicted values for CRP (A) and ACR (B).
Abbreviations: CRP, C-reactive protein; ACR, Albumin-to-C-reactive protein ratio; TO, On the day of admission; T1, 24 hours after admission; T2, 3 days after admission.
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Abbreviations: CRP, C-reactive protein; ACR, Albumin-to-C-reactive protein ratio; ACU, Area under the curve; TO, On the day of admission; T 1, 24 hours after admission;
T2, 3 days after admission.

Cox Regression Analysis Results of ACR Dynamics by Subgroup

The relationship between dynamic ACR values and survival outcomes was evaluated across multiple subgroups using
Cox proportional hazards models, as presented in Table 2. Covariates such as age, sex, diabetes, hypertension, and
malnutrition were included in the analysis. Overall, ACR dynamic values exhibited a significant association with
survival, with p < 0.001 in the global model. The C-statistic for the Cox model was 0.833 (standard error = 0.017),
indicating excellent discriminative ability in predicting 28-day mortality (p < 0.001).

Dynamic ACR values demonstrated a robust negative correlation with mortality risk across all subgroups. Women
and elderly patients (>85 years) showed the strongest association with reduced event risk, emphasizing the predictive
importance of ACR dynamics in these populations. Additionally, the consistent significance observed across conditions
such as hypertension, diabetes, and malnutrition further supports the universal applicability of ACR as a prognostic
marker.

Discussion
This study evaluated dynamic changes in the ACR as a prognostic indicator among elderly patients with community-
acquired pneumonia. The findings suggest that ACR may serve as a marker for predicting short-term mortality, reflecting

both inflammatory and nutritional responses to infection.

Inflammation, Nutrition, and Prognosis in Elderly CAP Patients

The findings of this study align with existing evidence that inflammation and nutritional status play critical roles in the
progression and outcomes of CAP, particularly in elderly patients.” Upon pathogen invasion, the host immune system
activates rapidly, releasing cytokines and inflammatory mediators to combat the infection.”” However, excessive
inflammation can lead to tissue damage and organ dysfunction, particularly in elderly patients who experience age-
related immune decline and heightened chronic inflammation.”® The severity of CAP has been shown to correlate with
the intensity of inflammation, with persistent or excessive responses often predicting poor outcomes.**
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Figure 6 Time-dependent AUC values for CRP and ACR models at different time points.
Abbreviations: CRP, C-reactive protein; ACR, Albumin-to-C-reactive protein ratio; ACU, Area under the curve.

Role of CRP and Albumin in CAP Diagnosis and Prognosis

CRP, a classical marker of acute-phase inflammation, is widely used in the diagnosis and monitoring of CAP.?
Synthesized by the liver, CRP levels rise rapidly in response to infection or tissue injury, reflecting the inflammatory
burden and immune response intensity.”® However, CRP alone has limitations, as it does not account for nutritional status
or chronic inflammation, both of which are critical in elderly patients.*”*®

Serum albumin, a key plasma protein, is a sensitive indicator of nutritional status and is closely associated with
chronic inflammation.”*>° In CAP patients, low Alb levels often indicate malnutrition, heightened inflammation, and
increased mortality risk.>' Research has linked low Alb levels to adverse outcomes, including prolonged hospitalization,
complications, and higher mortality rates.** In elderly CAP patients, low Alb levels may reflect the cumulative effects of
chronic inflammation and malnutrition. Therefore, combining Alb with CRP provides a more comprehensive assessment
of a patient’s pathophysiological state.>®

While our study primarily focuses on ACR’s prognostic role, these findings also underscore the potential utility of
ACR in identifying high-risk patients earlier in the disease course. However, this application requires further validation in

larger, prospective studies.

Significance of the Albumin-to-CRP Ratio
The ACR integrates inflammatory (CRP) and nutritional (Alb) markers, offering a unique advantage in assessing disease
severity and prognosis,34’3 > Compared to using CRP or Alb alone, the ACR may provide a more accurate representation
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Figure 7 Time-dependent ROC curves for Day 10 (A), Day 15 (B), and Day 25 (C).
Abbreviations: CRP, C-reactive protein; ACR, Albumin-to-C-reactive protein ratio.

of a patient’s overall health. Previous studies have highlighted the association between low ACR levels and higher
mortality in critically ill patients.*® However, research specifically focusing on elderly CAP patients and the dynamic
relationship between ACR and prognosis remains limited.

Our study addresses this gap by assessing the dynamic relationship between ACR and prognosis in elderly CAP
patients. Unlike prior studies that relied on single time-point measurements, we monitored changes in ACR over time to
evaluate their association with short-term prognosis. This approach provides insights into how ACR reflects disease
progression and therapeutic response during hospitalization.

Dynamic Monitoring of ACR in Prognosis
Unlike prior studies that relied on single time-point measurements, this study innovatively employed dynamic monitoring
of ACR changes to assess their relationship with short-term prognosis in elderly CAP patients. The results revealed that
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Table 2 Cox Regression Analysis Results of ACR Dynamics by Subgroup

Subgroup ACR Dynamic HR P-value HR (95% CI)
Coefficient

Gender

Male —-1.503 0.222 <0.001 0.100-0.495

Female —1.983 0.138 <0.001 0.059-0.321

Age Group

65-74 years —2.886 0.056 0.008 0.007-0.466

75-84 years —1.242 0.289 <0.001 0.145-0.575

= 85 years —2.576 0.076 <0.001 0.023-0.254

Hypertension

Yes —2.274 0.103 <0.001 0.038-0.280

No —1.767 0.171 <0.001 0.083-0.352

Diabetes

Yes —2.296 0.101 <0.001 0.039-0.262

No —1.865 0.155 <0.001 0.073-0.329

Malnutrition

Yes —2.104 0.122 <0.001 0.053-0.279

No —1.856 0.156 <0.001 0.069-0.355

Abbreviations: ACR, Albumin-to-C-reactive protein ratio; HR, Hazard Ratio; Cl, Confidence Interval.

ACR levels in the mortality group were significantly lower at T1 (24 hours after admission) and remained lower at T2 (3
days after admission), despite slight improvement following treatment. This suggests that dynamic ACR changes may
reflect disease progression and therapeutic response. Notably, ACR at T2 demonstrated the strongest predictive ability for
mortality risk, highlighting the potential value of early dynamic monitoring in identifying high-risk patients. The linear
mixed-effects model further confirmed the close association between ACR dynamics and survival status, with minimal
inter-individual variability, highlighting the stability and consistency of ACR as a clinical indicator.

Host Conditions and Pathogens

Host factors, such as chronic comorbidities, age-associated immune decline, and pre-existing nutritional status, sig-
nificantly influence inflammation and prognosis in elderly CAP patients. Chronic conditions such as diabetes and chronic
obstructive pulmonary disease (COPD) are associated with heightened inflammation and impaired anabolic recovery,
which may contribute to lower ACR values. Hypoalbuminemia, often exacerbated by comorbidities, reflects both
nutritional depletion and heightened catabolism during infection. These factors collectively underscore the need to assess
host conditions alongside ACR dynamics to contextualize their prognostic significance.

Although pathogen-specific data were not available in this study, previous research has shown that certain bacterial
pathogens, such as Streptococcus pneumoniae and Klebsiella pneumoniae, are associated with more severe inflammatory
responses and worse outcomes in CAP. Viral pathogens (eg, influenza, COVID-19) further modulate inflammatory
responses and nutritional metabolism, which could also impact ACR dynamics. Future studies should incorporate
detailed pathogen identification to better understand these interactions.

Clinical Implications of ACR
The ACR combines CRP, an acute-phase inflammatory marker, and Alb, a nutritional marker, to provide
a comprehensive reflection of both acute inflammation and the patient’s nutritional and immune status.’” Elderly patients
with CAP are particularly susceptible to immune dysregulation and excessive inflammatory responses due to immuno-
senescence and malnutrition.*® A decline in ACR may signify the body’s inability to effectively control inflammation
while maintaining adequate nutritional and immune function, ultimately leading to adverse outcomes.

The findings of this study suggest that ACR may have potential as a prognostic tool for elderly CAP
patients. Subgroup analyses revealed that the relationship between dynamic changes in ACR and mortality risk was
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more pronounced in females, older patients, and those with chronic conditions such as hypertension and diabetes. These
populations may be more sensitive to fluctuations in inflammatory and nutritional status, highlighting the potential value
of ACR as a prognostic indicator in these high-risk groups.***°

This study further demonstrates the utility of ACR in clinical decision-making for elderly CAP patients. Dynamic
ACR monitoring may improve risk stratification and guide personalized treatment strategies. For example, patients with
declining ACR levels may benefit from early nutritional support, anti-inflammatory therapies, or interventions aimed at
modulating immune responses. Additionally, the application of advanced statistical methods, such as time-dependent
ROC curves and linear mixed-effects models, underscores the robustness of ACR as a prognostic indicator and its
potential for broader applications in clinical research and practice.

From a practical clinical perspective, monitoring ACR dynamics provides practical, bedside-relevant insights into
disease progression. ACR offers the advantage of integrating two critical dimensions of CAP prognosis: inflammation
(CRP) and nutritional status (albumin). Dynamic ACR monitoring may help identify patients at higher risk of mortality
earlier, allowing clinicians to escalate care, tailor anti-inflammatory therapies, or provide nutritional support as needed.
For example, a persistent decline in ACR during the initial hospitalization period could prompt clinicians to consider
intensive monitoring or transfer to an intensive care unit.

Limitations and Future Directions

Despite its strengths, this study has several limitations. First, the retrospective, single-center design may limit the
generalizability of the findings, and the potential for selection bias cannot be excluded. Future studies should adopt
prospective, multicenter designs to validate these results in diverse populations. Second, the reliance on electronic
medical records may have led to incomplete data, which could affect the accuracy of the findings. Improved data
collection and standardization are essential for future research.

In this study, we systematically explored the clinical characteristics and prognostic factors of elderly patients with
CAP. However, we acknowledge several limitations. First, although comorbidities such as diabetes were included in the
analysis, specific information regarding glycemic control, such as HbAlc levels, was not systematically available for all
patients due to retrospective data collection. As glycemic control is an important factor in disease outcomes, future
studies with detailed diabetes staging data are needed to explore its prognostic significance in CAP patients.

Additionally, this study did not explore the biological mechanisms underlying changes in ACR or account for
potential confounding factors influencing its association with prognosis. Future research should focus on elucidating
the interplay between inflammation, nutrition, and immune status in CAP progression. Investigating the impact of
specific interventions, such as targeted nutritional support or anti-inflammatory therapies, on ACR dynamics and patient
outcomes could further enhance its clinical utility.

Finally, we acknowledge the significant age differences observed between the survived and non-survived groups in
our analysis. Age is a well-established prognostic factor in CAP, and the variation in age between these groups could
introduce a confounding effect that may skew the results. Our findings indicate that although ACR dynamics are
associated with mortality risk, the age-related risks cannot be overlooked and must be considered when interpreting
the data. To enhance the robustness of future studies, it is important to stratify patients based on age or employ advanced
statistical methods such as propensity score matching. This approach may help mitigate the impact of age-related
confounding and yield clearer insights into the prognostic value of ACR dynamics. Additionally, larger sample sizes
would be beneficial to ensure sufficient power for subgroup analyses.

Conclusion

This study demonstrates that dynamic monitoring of the ACR is a clinically relevant tool for assessing short-term
mortality risk in elderly patients with CAP. By integrating markers of inflammation (CRP) and nutritional status
(albumin), ACR provides an additional perspective on patient prognosis, complementing existing prognostic tools. Its
dynamic changes offer a method for tracking disease progression and treatment response, with potential value for
identifying high-risk patients who may benefit from timely nutritional and anti-inflammatory support.
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Our findings suggest that dynamic ACR monitoring may improve risk stratification, particularly in vulnerable
populations such as older adults, females, and those with chronic conditions like hypertension and diabetes. However,
we recognize that while this study highlights the potential utility of ACR, its application should be interpreted cautiously
and in conjunction with other clinical factors to avoid over-reliance on a single biomarker.

Importantly, this study builds on existing research by emphasizing the value of analyzing ACR trends over multiple
time points, rather than relying solely on single time-point measurements. Despite these contributions, further research is
needed to validate these findings in larger, multicenter cohorts and to explore the causal relationships between ACR
dynamics, therapeutic interventions, and patient outcomes. Future studies should also address potential limitations, such
as the retrospective design and the absence of disease-specific pathogen data, to better contextualize the role of ACR in
clinical practice.
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