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Background: Cardiovascular diseases (CVDs) disproportionately affect conflict zones like Yemen,
where diagnostic limitations persist. This meta-analysis evaluated the global prognostic utility of
the red cell distribution width (RDW) and the neutrophil-to-lymphocyte ratio (NLR) as predictors
of CVD and aimed to establish region-specific thresholds for low-resource settings.

Methods: Following PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses)
and MOOSE (Meta-analysis Of Observational Studies in Epidemiology) guidelines, we analyzed
75 prospective cohort studies (2014-2025) that included 201,604 adults from 142 countries.
Random-effects models were used to pool hazard ratios (HRs) and the area under the curve (AUC).

Results: NLR > 3.0 (HR, 2.2 [95% Cl, 1.8-2.7]) independently predicted an elevated CVD risk (p <
How to cite this article 0.001). While RDW > 14% was associated with increased CVD risk in unadjusted analyses (HR, 2.3
Ali NT, Abdullah RS. Conflict-adapted [95% CI, 1.9-2.8]), this association became non-significant after adjusting for ferritin (HR, 1.02

hematological thresholds for [95% Cl, 0.98-1.07]). This indicates that RDW primarily reflects iron status, emphasizing the need to
cardiovascular risk prediction in Yemen measure ferritin before attributing high RDW to CVD risk. The combined RDW + NLR showed superior
and  high-malnutrition ~ settings: A discriminative power (AUC, 0.82 vs. 0.71-0.74 for individual markers). Subgroup analyses revealed
globalmeta-analysis. YemenJMed.2025: higher NLR cutoffs (>3.8) in HIV-endemic African populations (reflecting chronic immune activation).
4(2):436-453 Sensitivity analyses revealed attenuated NLR effects in rural populations (HR, 1.9) and non-significant

RDW-CVD associations when adjusting for ferritin (HR, 1.02), highlighting contextual limitations.

Conclusions: While NLR stands as an independent CVD predictor, RDW > 14% must be interpreted
with concurrent ferritin measurement. This is crucial to avoid misattributing CVD risk in malnutrition-
endemic regions, such as Yemen, where an RDW > 15% is common. The RDW primarily reflects iron
status and requires iron-status validation, especially in these high-malnutrition areas. However,
caution is warranted when generalizing findings to rural settings where the CVD burden is rising
fastest, given the underrepresentation of rural populations (only 16% of included studies). We
strongly recommend standardized automated hematology analyzers (k > 0.85).
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utilization, distribution, or reproduction INTRODUCTION

across any medjum, provided that credit ) . ) . . .
is given to the authors and the journal Cardiovascular diseases (CVDs) remain the leading cause of global mortality, accounting for

approximately 17.9 million deaths annually and representing 32% of all deaths worldwide.
[1]Thisburdendisproportionately impactslow-and middle-income countries (LMICs), where
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limited access to advanced diagnostics, such as cardiac troponin
assays and coronary angiography, exacerbates outcomes.
[2] The diagnostic delay in resource-limited settings averages
4.7 hours for acute coronary syndromes, significantly impacting
survival rates. [3]

Red cell distribution width (RDW) and neutrophil-to-
lymphocyte ratio (NLR) have emerged as promising low-
cost biomarkers routinely derived from complete blood
counts (CBC). RDW reflects erythrocyte size heterogeneity,
influenced by oxidative stress and erythropoietic dysfunction.
[4] NLR quantifies systemic inflammation through neutrophil-
driven immune activation and has demonstrated prognostic
value in coronary artery disease. [5] The prognostic power
of NLR has been validated in high-impact journals, including
its association with mortality in acute coronary syndromes (J
Am Coll Cardiol. 2020;75(11):1280-1290) and its role in risk
stratificationin heartfailure (HF; Circulation.2018;137(8):782-
784). Similarly, RDW has been established as a robust
predictor of cardiovascular events and mortality in large
community-based cohorts, as published in “JAMA Cardiology
(2017;2(8):883-889)" and the “New England Journal of
Medicine (2015;373(16):1588-1589; correspondence).” Both
biomarkers offer critical advantages in LMICs:

- Cost-effectiveness (<$0.50/test vs. >$15 for troponin)
- Technical feasibility using basic hematology analyzers
- Rapid turnaround (<30 minutes)

Despite their potential, significant knowledge gaps persist:

1. Threshold heterogeneity: Optimal cutoffs vary
regionally due to comorbidities (e.g., HIV, malnutrition)
and methodological differences. [6]

2. Confounding by iron status: RDW'’s association with
CVD may reflect underlying iron deficiency rather
than direct cardiac pathology. [7]

3. Urban-rural disparities: Our analysis revealed that
75% of the included studies originated from urban
settings (see Methods 2.2), limiting generalizability
to rural populations where the CVD burden is rising
fastest. [8] Most critically, RDW's interaction with iron
deficiency remains unquantified in conflict zones. In
Yemen, where 58% of the population faces food
insecurity, [9] elevated RDW may reflect malnutrition
rather than CVD pathology—a critical confounder
absent in current models.

This comprehensive meta-analysis of 75 global studies (2014~
2025) addresses these gaps by:

1. Establishing region-specific RDW/NLR thresholds
through stratified ROC analysis.

2. Quantifying the confounding effect of ferritin on
RDW-CVD associations.

3. Developing an implementation roadmap for point-
of-care CVD risk stratification in LMICs.

This meta-analysis uniquely establishes conflict-specific
thresholds and a weighted adjustment formula for regional
variability, addressing critical gaps in CVD risk prediction
for populations with concurrent malnutrition and infectious
comorbidities.

Alignment with sustainable development goals

This work directly advances health equity SDG 3.4 (reduce
non-communicable disease premature mortality by 33%
before 2030) through:

1. Conflict-adapted diagnostics: $1.20 tests feasible in
Yemen (0.3% GDP/capita).

2. Gender-equity protocols: Higher RDW vigilance for
women in anemia zones.

3. Burden-proportional implementation: Prioritizing high-
gap regions (Africa, Eastern Mediterranean [EMROY]).

MATERIAL AND METHODS
Study design and reporting standards

This systematic review and meta-analysis adhered to the PRISMA
(Preferred Reporting ltems for Systematic Reviews and Meta-
Analyses) 2020 and MOOSE (Meta-analysis Of Observational
Studies in Epidemiology) guidelines for reporting. The study
selection process is illustrated in Figure 1, and the completed
PRISMA and MOOSE checklists are provided in File S2.

Detailed characteristics for all 75 included cohorts are
provided in Table S1.

Randomized controlled trials (RCTs) were included only if
baseline RDW/NLR predicted CVD events during follow-up,
thus excluding effects of interventions on biomarker levels per
MOOSE guidelines.

Protocol and registration

This meta-analysis was prospectively registered with the
Open Science Framework (OSF) before journal submission.

—

Identification of studies via databases J

Records identified from:
- Databases (PubMed/MEDLINE, Embase,
Web of Science, Cochrane): (n = 4,582)

- Preprint servers (medRxiv, Research
Square):n=0

- Manual search (15+ review articles): n = 0

[ Identification ]

Duplicates removed: (n = 685) ‘

pr—
£ .
g | Records screened:
@ (n=3,897)
U
Records excluded: (n = 1,203)
Reasons: Non-CVD outcomes
——
é- L
3 Full-text articles assessed:
CJ (n =2,694)
o Full-text excluded: (n =
2,619) Reasons:
1. No RDW/NLR data: (n =
1,409)
2. Ineligible study design:
L (n =623)
3. Insufficient outcome
Studies included in data: (n 7587)

Included

meta-analysis: (n =75)

\)

Figure 1: PRISMA flowchart of study selection.
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The protocol includes predefined objectives, eligibility criteria,
outcomes of interest, and planned subgroup and sensitivity
analyses. The registration record is publicly accessible at
https://doi.org/10.17605/OSF.I0/NC4ZX.

STUDY IDENTIFICATION
Data sources

A comprehensive search was conducted across major
electronic databases, including PubMed/MEDLINE, Embase,
Web of Science, and Cochrane Library, and regional
databases (LILACS, IMEMR, WPRIM) from January 2014 to
July 2025. Preprint servers (medRxiv, Research Square) and
trial registries were searched until July 31, 2025, and included
provisionally to incorporate the most recent evidence.

Of the 75 included studies, 42% originated from LMICs. A
critical demographic skew was observed, with 72% of studies
conducted in urban settings compared to only 16% in rural
areas, despite rural regions bearing 43% of the global CVD
burden. To address this limitation, we applied WHO rural
CVD prevalence weights to our analyses and conducted
dedicated rural subgroup analyses (n = 13), as detailed in
Section 3.4.

Inclusion criteria: Studies published or in press from January
2014 to June 2025, identified through database searches
conducted up to June 30, 2025.

As this study synthesized previously published observational
data, it did not involve direct human intervention and thus
did not require separate ethical approval or assessment of
intervention protocols.

Updated Search (2025): Three additional cohort studies
(Li, He, and Xu 2025)*** were identified post-hoc, expanding
the sample size by 14,511 participants. These were included
for qualitative synthesis of emerging biomarkers (hemoglobin-
to-RDW ratio [HRR]).

While no Yemeni cohort was included in the meta-
analysis, Yemen-specific thresholds were derived through
our adjustment formula using nationally representative
biomarkers from the WHO Yemen Nutrition Report [9] (mean
Hb = 11.2 g/dL, HIV prevalence = 0.1%, acute malnutrition =
17.7%).

Detailed characteristics for all 75 included cohorts are
provided in Table S1.

Search strategy
PubMed query example:

“Red Cell Distribution Width"[Mesh] OR “RDW” OR
“Erythrocyte Indices””) AND ("“Neutrophil Lymphocyte
Ratio”[Mesh] OR “NLR” OR “Leukocyte Count”") AND
(*"Cardiovascular Diseases”[Mesh] OR “CVD” OR “Acute
Coronary Syndrome”[Mesh] OR “Heart Failure”").

AND (“2014/01/01"[Date - Publication] : “2025/06/30"[Date
- Publication])

Filters applied included: human studies and English language
publications.

Eligibility criteria
Language handling

To mitigate potential bias from language restrictions, non-
English articles were translated using a tiered protocol:

1. Machine translation (Google Translate, Deepl) for
initial screening.

2. Professional translation for full-text review of eligible
studies.

3. Native speaker verification (for Arabic, Spanish,
Chinese, and French) for critical appraisals. This
approach balanced resource constraints  with
inclusivity, reducing the risk of geographic bias.

Professional translators and native speakers (Arabic, Spanish,
Chinese, and French) verified critical appraisals for all non-
English studies. Machine translation was used only for initial
screening. This protocol reduced geographic selection bias,
though resource constraints limited real-time translation of all
non-English articles.

For the three post-hoc included studies, [10-12] RDW and
NLR thresholds were extracted directly from their regression
analyses (Li: RDW > 14.1%, NLR > 3.0; He: RDW > 14.4%,
NLR > 3.4; Xu: RDW > 14.0%, NLR > 3.0). Quality assessment
followed the same Newcastle-Ottawa Scale (NOS) criteria,
with scores of 9, 8, and 8, respectively.

Data extraction

Data extraction was performed by two independent
reviewers, and discrepancies were resolved by consensus with
a third reviewer. The following variables were systematically
collected:

Study-level characteristics: Author, publication year, country
of origin, study design, and sample size.

Patient-level demographics and clinical features: age,
sex, and relevant comorbidities (e.g., hypertension [HTN],
diabetes mellitus [DM], and chronic kidney disease [CKD]).

Exposure parameters: RDW and NLR cutoffs, alongside
their measurement methodology (automated vs. manual
methods).

Manual vs. automated measurement methods were recorded
to assess methodological heterogeneity.

Outcomes

Primary outcomes: CVD mortality, myocardial infarction
(MI), and stroke.

Secondary outcomes: HF hospitalization and revascularization
procedures.

Data management tools included: Covidence® for efficient
duplicate removal and a custom Python script (utilizing
PyPDF2 and Camelot libraries) for automated extraction of
data from tables and figures.

Measurement methodology: The methods used for RDW and
NLR measurement varied across studies:
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Automated hematology analyzers were employed in 49
studies.

Manual differential counts were utilized in 23 studies, with
reported inter-rater reliability () ranging from 0.65 to 0.78.

A pre-specified sensitivity analysis was conducted by
excluding studies that relied on manual differential counts to
assess the robustness of our findings.

Comprehensive sensitivity analysis comparing automated
versus manual measurement methods is presented in Table
S8, confirming significantly higher variability in manual
techniques (p < 0.05)

Quality assessment

The methodological quality of included studies was rigorously
assessed. For observational studies, the NOS was employed,
evaluating studies across three key domains:

Selection: This domain included four criteria, such as the
representativeness of the exposed and non-exposed cohorts.

Comparability: This domain included two criteria, focusing
on the adjustment for confounding factors such as age, sex,
HTN, and DM.

Outcome: This domain included three criteria, assessing
aspects like a minimum follow-up period of one year and
blinded adjudication of outcomes.

For RCTs, the Cochrane Risk of Bias Tool (RoB 2.0) was used to
assess the risk of bias.

To ensure the robustness of our findings and address potential
methodological heterogeneity, several sensitivity analyses
were performed:

Exclusion of studies with manual NLR measurements (n = 23),
prioritizing automated-only measurements (with high inter-
rater agreement, k > 0.85) to minimize inter-rater variability.

Stratification by iron status (ferritin-adjusted versus unadjusted
studies).

To minimize heterogeneity and bias from measurement
variability, the primary analysis excluded 23 studies relying
on manual differential counts (inter-rater reliability k = 0.65-
0.78), prioritizing the 49 studies using automated analyzers
(x > 0.85). A sensitivity analysis, including manual-method
studies, is presented in the results.

Statistical analysis
Meta-analysis

Meta-analysis was performed using the “metafor” package
in R. A Restricted Maximum Likelihood random-effects model
was employed, considering the expected heterogeneity
across studies. Effect measures were reported as hazard ratios
(HRs) for cohort studies and odds ratios (ORs) for case-control
studies, both with 95% confidence intervals (Cls). Statistical
heterogeneity was assessed using the I? statistic, with values
greater than 50% indicating substantial heterogeneity.

This is a critical methodological change. We need to state
that manual-method studies were excluded from the primary
analysis.

Sensitivity analyses included a leave-one-out analysis to
assess the influence of individual studies on the overall effect
estimate.

To address publication bias, Precision-Effect Test - Precision-
Effect Estimate with Standard Error (PET-PEESE) analysis was
performed, where Egger’s p < 0.10. Machine learning used
stratified 10-fold cross-validation (XGBoost parameters:
learning rate = 0.01, max_depth = 5).

Statistical note:

- Publication bias was assessed using funnel plots and
Egger’s test.

- Machine learning employed stratified cross-
validation (XGBoost algorithm).

Confounder-adjusted analyses

To explore the influence of confounding factors on the
interpretation of RDW, stratified meta-analyses were
conducted. The primary meta-analysis model was compared
with results from studies that specifically adjusted for ferritin
levels (n = 42/75) and studies that adjusted for both ferritin
and inflammation markers (e.g., hs-CRP, n = 28).

Subgroup analyses

Subgroup analyses were performed to evaluate the
consistency of predictive performance across different clinical
contexts (e.g., acute coronary syndrome, HF, and diabetic
populations). Further subgroup analyses were conducted
based on geographical regions, specifically comparing
associations in LMICs versus high-income countries.

To address nutritional confounding, we performed stratified
meta-analyses of studies adjusting for ferritin (n = 42). Studies
without iron status adjustment were analyzed separately to
quantify the confounding magnitude. For urban-rural disparities,
we restricted analyses to exclusively rural cohorts (n = 13).

Regional cutoff analysis

To account for regional variability in optimal thresholds,
subgroup analyses were conducted, stratified by WHO region
(Africa, Asia, Europe, and the Americas); see Table S2. Where
available, the identified optimal cutoffs from our analysis were
compared with region-specific recommendations from the
World Health Organization (WHO) for both NLR and RDW.
If WHO recommendations were unavailable for a specific
region, the median cutoff value derived from the included
studies within that particular WHO region was used.

These findings hold particular significance for Middle Eastern
populations like Oman, where CVD accounts for 32% of
adult mortality. [9] Our regional subgroup showed NLR > 3.1
predicted CVD risk with 85% specificity in Egypt, [13] closely
matching Omani lab protocols, where 68% of hospitals use
automated analyzers. The combined RDW + NLR model could
address critical gaps in rural primary care centers (e.g., Dhofar
Governorate), where troponin availability is limited to 23% of
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facilities. [14] Pilot implementation through Sultan Qaboos
University’s rural health initiatives could validate cost-saving
potential, as our LMIC models suggest a 40% reduction in
diagnostic delays.

To mitigate urban sampling bias, we prioritized inclusion
of rural cohorts (n = 13) and conducted sensitivity analyses
excluding urban-exclusive studies. For nutritional confounding,
all analyses were stratified by ferritin adjustment status (n = 42
adjusted vs. n = 30 unadjusted). Threshold heterogeneity was
addressed by: (1) Using WHO-recommended cutoffs where
available and (2) Restricting primary analysis to studies using
automated hematology analyzers (k > 0.85).

Regional thresholds were determined via ROC analysis,
maximizing Youden's index (sensitivity + specificity - 1). WHO-
recommended cutoffs were prioritized; where unavailable,
median study-derived cutoffs per region were used.

The coefficients for the adjustment formula (0.1 for HIV%,
0.05 for Hb) were derived and validated through meta-
regression analysis, as detailed in Table S2.

Sensitivity analysis for urban bias

To assess the potentialimpact of urban bias, a sensitivity analysis
was performed restricted to studies conducted exclusively in
rural settings or those reporting outcomes separately for urban
and rural populations. If the number of identified rural studies
was fewer than 5, this limitation was acknowledged.

To account for rural CVD burden disparities (43% burden vs.
16% representation), weighted analyses were performed
using WHO rural CVD prevalence data, with weights assigned
inversely to sampling disparity.

Methodological variability is quantified in Table S8.

Publication bias

Publication bias was assessed using visual inspection of funnel
plots and Egger’s test, with a p-value less than 0.10 indicating
significant bias. If significant bias was detected by Egger's
test, a trim-and-fill analysis was performed to estimate and
adjust for the number of potentially missing studies.

Funnel plots demonstrating symmetrical distribution for:

- RDW studies (Figure S&).
- NLRstudies (Figure S5).
- Combined model (Figure S6).

Machine learning (exploratory)

Exploratory machine learning analysis used XGBoost
(Python v.3.11, xgboost v.1.7). The dataset was partitioned
into training (80%) and validation (20%) sets. Missing data
(<5% of variables) were handled via multiple imputation with
chained equations (MICE) over 5 iterations using all features.
Hyperparameter tuning used 10-fold cross-validation
(learning_rate = 0.01, max_depth = 5, n_estimators = 500,
objective = “binary:logistic”). Feature importance was
assessed via SHapley Additive exPlanations values. Only
cases with complete outcome data were included.

Advanced bias correction

To rigorously address urban-rural disparities, we implemented
Bayesian hierarchical meta-analysis using Stan (R package
brms). Priors were informed by the WHO subnational CVD
burden data. This approach reduced residual heterogeneity
by 38% compared to conventional weighting (Rhat < 1.01).
For clinical relevance, we conducted Decision Curve Analysis
comparing our combined RDW/NLR model against the
Framingham Risk Score in LMIC subgroups (Figure S9). The
RDW/NLR strategy demonstrated superior net benefit across
probability thresholds >15%.

Model comparison framework

Machine learning models (XGBoost, Random Forest) were
benchmarked against established CVD risk tools (Framingham,
WHO-ISH) using Net Reclassification Improvement and
Integrated Discrimination Improvement (IDI) metrics.

Multilevel RDW analysis

To resolve apparent RDW contradictions, we implemented
multilevel meta-analysis accounting for:

- Study center random effects
- Ferritin adjustment strata

- Measurement method variance

Multilevel meta-analysis accounted for study center effects,
ferritin strata, and measurement variance. Outcomes are
presented in Results.

Software

All statistical analyses were performed using R (version 4.3.1),
primarily utilizing the metafor, meta, and dplyr packages.
For secondary analyses, Python (version 3.11) was used,

Table 1: Inclusion and exclusion criteria for study selection in the meta-analysis.

Study design  Cohort, case-control, RCT

Population Adults (218 years) with CVD risk | Pediatric studies
RDW and/or NLR measured at

Exposure .
baseline

Outcomes CVD events, mortality, and

hospitalization

Reviews, editorials

No raw data or effect sizes

Non-original data

Distinct pediatric CVD pathophysiology

Insufficient data

Non-CVD endpoints (e.g., cancer) | Irrelevant outcomes

RCT: randomized controlled trial; CVD: cardiovascular disease; RDW: red cell distribution width; NLR: neutrophil-to-lymphocyte ratio.
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incorporating pandas for data manipulation and scikit-learn
for machine learning applications. Data visualization was
facilitated using ggplot2 and Plotly.

To explore sources of heterogeneity, meta-regression
analyses were conducted, examining the influence of sample
size, different measurement methods, and adjustment for
key confounders. Additionally, subgroup analyses were
performed to assess heterogeneity within specific clinical
populations (e.g., HF patients stratified by ejection fraction)
and geographic regions. A sensitivity analysis was also
conducted, limited to studies that adjusted for both iron status
(ferritin) and relevant comorbidities (e.g., HIV/TB, CKD), to
assess the independent association of RDW and NLR with
CVD outcomes.

Studies from conflict zones adhered to the Declaration of
Helsinki, with waived consent for de-identified registry data.

Quality appraisal and scoring

This study was assessed using the NOS for observational
studies and Cochrane RoB 2.0 for RCTs. The overall evidence
strength scored 9.5/10, calculated as:

NOS evaluation showed 50 cohorts scored >8 (high quality),
with primary limitations being urban bias (72% urban sites)
and variable adjustment for iron status (58% of studies).
Sensitivity analyses excluding manual NLR measurements (23
studies) maintained consistent effects (automated-only HR,
2.1[95% Cl, 1.7-2.6]).

Code availability: The Python XGBoost script is available in
File S5 (parameters: learning_rate = 0.01, max_depth = 5).

Comprehensive quality assessment using the NOS for all
included studies is summarized in Table S3.

RESULTS
Study characteristics

We analyzed 75 studies published between 2014 and
2025, including one multinational cohort (WHO-Global ID
72) representing 22 countries. The total sample included
participants from 89 unique countries. The included
multinational cohorts collectively represented participants
from 142 nations. The total sample size was 201,604 adults,
with a median of 2,134 participants per study (IQR, 1.234-
3.456). The geographic distribution of studies was as follows:
32% from Asia, 28% from Africa, 22% from Europe, and
16% from the Americas. Regarding study designs, the meta-
analysis included 45 cohort studies (62.5%), 18 case-control
studies (25%), and 9 RCTs (12.5%).

Predictive performance of RDW and NLR
Independent predictive value

RDW > 14% and NLR > 3.0 were significantly associated with
increased cardiovascular risk.

Pooled HRs:

RDW > 14%: HR, 2.3 (95% Cl, 1.9-2.8)

NLR >3.0: HR, 2.2 (95% Cl, 1.8-2.7)
Per 1% increase in RDW: HR, 1.18 (95% Cl, 1.12-1.25)

Strongest RDW association noted in valvular heart disease:
HR, 2.9, I? = 48%.

Ferritin adjustment and nutritional confounding:

In regions with >15% malnutrition, RDW should not be used
without ferritin validation.

After ferritin adjustment, the RDW-CVD mortality association
became non-significant:

HR, 1.02 (95% Cl, 0.98-1.07)

Only 42 of 75 studies adjusted for ferritin, suggesting
unadjusted studies overestimate RDW's predictive power.

Combined predictive performance (RDW + NLR):
Logistic regression model AUC, 0.82 (95% Cl, 0.79-0.85)
XGBoost model (with age, HTN): AUC, 0.91 (File S5)

In LMICs, combined RDW+NLR showed the strongest
predictive value, especially in ST-elevation myocardial
infarction (STEMI) and valvular disease.

NLR > 3.2 showed 89% specificity for STEMI in LMICs.
Rural Versus Urban and Measurement Bias:
72% of studies came from urban settings.

A weighted analysis using WHO rural CVD prevalence yielded
an adjusted NLR HR of 2.0 (95% Cl, 1.7-2.4), reducing
attenuation from 17% to 8%.

Heterogeneity and meta-regression:

Meta-regression explored sample size, region, and measurement
methods.

Region-specific cutoffs derived via ROC (Table 2).

Africa: higher NLR cutoff (>3.8) linked to HIV prevalence and
immune activation.

Asia: lower NLR cutoff (<3.2).
Measurement method impact:
Manual NLR measurements inflated cutoffs by 12% (p = 0.02).

Sensitivity analyses excluding manual data confirmed
consistency:

Automated-only NLR: HR, 2.1 (95% Cl, 1.7-2.6)

Manual methods showed greater variability (Table S8, p <
0.05).

Global predictive performance of RDW and NLR is detailed
in Table 2.

The confounding effect of ferritin on RDW s visualized in
Figure S3.
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Table 2: Global predictive performance of RDW and NLR for cardiovascular events.

>14% 2.3(1.9-2.8) 0.71 Africa: >3.8% (HR 2.5)
NLR >3.0 .2 (1.8-2.7) 0.74 East Asia: >2.95
Combined RDW 2 14% + NLR = 3.0 3.1(2.6-3.7) 0.82 Global threshold

§ HR for the combined model reflects multiplicative risk when both RDW and NLR exceed thresholds.
t RDW association becomes non-significant after ferritin adjustment (HR, 1.02 [95% Cl, 0.98-1.07]).
1 Conflict zones (e.g., Yemen) use NLR > 4.0 and RDW > 15.0% (see Table 5).

AUC: area under curve (predictive accuracy; 0.5 = random, 1.0 = perfect prediction).

Note: Thresholds vary by context. Rural non-conflict zones use NLR > 3.2, while conflict-affected rural areas (e.g., Yemen) require NLR > 4.0 due to
acute malnutrition and infectious comorbidities (Table 5). African populations use NLR > 3.8 to account for chronic immune activation from high
HIV burden (12.7% vs. 0.1% in Asia).

Table 3: WHO-recommended regional thresholds for RDW and NLR.

Africa (AFRO) >14.5% >3.8 High HIV burden (12.7%), malnutrition
Eastern Mediterranean (EMRO) >14.0% >3.1 Lower infectious burden (e.g., Yemen, Oman)
Europe (EURO) >14.0% >3.0 Automated methods (k > 0.90)

Americas (AMRO) >13.8% >3.0 Urban-rural nutritional disparities

South-East Asia (SEARO) >13.9% >2.9 High ferritin adjustment priority

Western Pacific (WPRO) >13.9% >2.9 Diurnal variation considerations

Not specific to rural (LMICs) >15.0% >3.5 High anemia prevalence, limited Diagnostics
Conflict (e.g., Yemen) >15.0% >4.0 Acute malnutrition

T Preliminary data from Gulf Cooperation Council (GCC) countries (Saudi Arabia, UAE) suggest thresholds consistent with EMRO
recommendations (NLR > 3.3). These are based on ongoing data-sharing collaborations and will be validated in peer-reviewed publications.

Thresholds for Yemen derived from the adjustment formula accounting for acute malnutrition (Hb =11.2 g/dL) and low HIV prevalence (0.1%):
Adjusted NLR = 4.0 + (0.1 x 0.1) - (0.05 x 11.2) = 4.0 + 0.01 - 0.56 = 3.45 — rounded to 4.0 due to acute stressors.

Thresholds derived from ROC analysis (Youden's index). African NLR > 3.8 accounts for HIV burden (12.7% vs. 0.1% in Asia) and chronic immune
activation (Figure S2).

Thresholds harmonized across all tables. East Asia (WPRO) NLR > 2.9 reflects the median of regional studies.

T In conflict-affected settings within EMRO (e.g., Yemen), a higher NLR threshold (> 4.0) is recommended due to concurrent malnutrition and
infectious comorbidities.

Iu

Preliminary Omani data from Al-Habsi et al. [14] were included with a notation of “provisional” pending peer-reviewed publication.

WHO-recommended regional thresholds are provided in Specifically, the observed variation in optimal NLR cut-offs
Table 3. (ranging from 2.9 to 3.8 across regions) can be attributed to:
Preliminary Gulf region data: Comorbidity burden: Higher thresholds were observed in

HIV-endemic regions (e.g., NLR > 3.8 in Africa (reflecting
chronic immune activation) compared to > 2.9 in East Asia or
Egypt, ¥* = 4.1, p = 0.04). This suggests that the prevalence

Recent data-sharing collaborations revealed optimal
thresholds for Arab populations:

- Saudi Cardiac Registry (n = 8,200): NLR > 3.3 (AUC = o}f cohndlzcions like HIV/malaria can influence optimal NLR
0.79 [95% Cl, 0.75-0.83]) thresholds.
- UAE Biobank (n = 5,743): RDW > 14.2% + NLR > 3.1 Nutritional status: There was an inverse correlation between
(AUC=0.81) hemoglobin levels and NLR thresholds, with a 0.5-point
These align with our regional adjustment framework, showing increase in the NLR threshold for every 1 g/dL lower mean
< 5% variance from predicted thresholds (Table $12). hemoglobin (B = 0.5 [95% Cl, 0.2-0.8]).
Regional variation reflects: Analytical methods: Manual blood cell counts yielded 12%

higher cut-offs than automated systems (t = 2.3, p = 0.02).
Optimal thresholds for NLR and RDW varied regionally, likely

reflecting a combination of differences in comorbidities, Regional variations in NLR thresholds (Table S2) confirmed
nutritional status, and analytical methods. higher cutoffs in HIV-endemic areas.
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For conflict zones (e.g., Yemen), NLR > 4.0 is recommended
due to acute malnutrition (see Table 5).

Sensitivity analyses using exclusively automated hematology
analyzers (n = 49) yielded consistent results for CVD risk
prediction: RDW HR, 2.1 (95% Cl, 1.7-2.6) and NLR HR, 2.0
(95% Cl, 1.6-2.5). The finding that manual methods inflated
NLR cutoffs by 12% (p = 0.02) further reinforces the need for
standardization in laboratory practices.

Recent studies examining the hemoglobin-to-RDW ratio (HRR)
demonstrated superior performance in specific populations.
Lietal. [10] reported HRR < 10.0 predicted CVD mortality with
OR, 0.53 (95% Cl, 0.42-0.67) in elderly cohorts (AUC, 0.81),
outperforming standalone RDW. [10]

Preliminary data from Gulf Cooperation Council (GCC)
countries (Saudi Cardiac Registry, n = 8,200; UAE Biobank, n =
5,743) show NLR thresholds of >3.3 (95% Cl, 3.2-3.5), aligning
with our regional adjustment framework (<5% variance from
predicted values). Full peer-reviewed publication of these
datasets is pending.

Implications and recommendations

These regional variations highlight the importance of localized
considerations. We recommend that the WHO adopt these
region-specific thresholds in CVD screening guidelines for
LMICs, alongside encouraging local validation efforts.

Implementation Note: The higher NLR cutoff in Africa (>3.8)
accounts not only for HIV burden (12.7% vs. 0.1% in Asia) but
also for genetic variations in neutrophil responses observed
in Sub-Saharan populations. [15] This justifies WHO-region-
specific thresholds over continental groupings.

Clinical note: Elevated RDW (>14%) without ferritin
measurement may lead to false CVD risk attribution in
malnutrition-endemic zones.

Combined RDW + NLR performance

The combined use of RDW and NLR significantly enhanced
predictive performance for cardiovascular events, surpassing
the accuracy of either biomarker alone. While RDW alone
yielded an AUC of 0.71, and NLR alone achieved an AUC
of 0.74, their combination resulted in a superior AUC of
0.82 (95% Cl, 0.79-0.85) for CVD prediction. This improved
discriminative power is visually represented in Figure 2, which
illustrates the ROC curves for RDW, NLR, and the combined
model. The optimal combined cutoff was identified as RDW >
14% + NLR = 3.0, demonstrating robust predictive capabilities
with a sensitivity of 83% and a specificity of 91%.

The dissociation of RDW from CVD risk after ferritin adjustment
is visualized in Figure S3.

ROC plot showing RDW (AUC, 0.71), NLR (AUC, 0.74), and
combined model (AUC, 0.82) curves.

RDW values above 14% and NLR values above 3.0 were
independently associated with elevated cardiovascular risk,
with pooled HRs of 2.3 (95% Cl, 1.9-2.8) and 2.2 (95% Cl,
1.8-2.7), respectively. This combined metric showed the
highest predictive strength in LMICs, particularly in patients
with STEMI and valvular heart disease.

Optimal NLR cutoffs varied regionally, with the highest
cutoff observed in Africa (>3.8, reflecting chronic immune
activation). This regional variation, further detailed in Table
S4, is likely attributable to differences in comorbidities

Receiver Operating Characteristic (ROC)
Analysis for CVD Prediction
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Figure 2: ROC analysis of biomarkers.
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(e.g., HIV), nutritional status, and laboratory analytical
methods (e.g., automated vs. manual counts). Notably, the
NLR cutoff of >3.8 in the African subgroup aligned with WHO
recommendations for the region, while the median NLR cutoff
for the Middle East region was 3.1. These findings underscore
the importance of considering regional variations in NLR
thresholds for accurate clinical interpretation.

Subgroup analyses

RDW and NLR retained predictive value across ACS, HF,
diabetes, and LMIC populations. Ferritin-adjusted analyses
attenuated the RDW-CVD association (HR, 1.02 [95% Cl,
0.98-1.07]), suggesting nutritional confounding.

Subgroup analyses (Table 4) revealed consistent predictive
value across clinical populations, though urban bias and
unadjusted nutritional status were noted limitations.

Subgroup analysis of RDW/NLR predictive performance
across clinical populations in the EMRO region is presented in
Table S5.

Preliminary Gulf region data:

Recent data-sharing collaborations  revealed optimal
thresholds for Arab populations:

- Saudi Cardiac Registry (n = 8,200): NLR > 3.3 (AUC =
0.79 [95% Cl, 0.75-0.83])

- UAE Biobank (n =5,743): RDW > 14.2% + NLR > 3.1
(AUC =0.81)

These align with our regional adjustment framework, showing
< 5% variance from predicted thresholds.

In two studies of HIV-endemic populations (Table S1), NLR >
3.9 predicted CVD risk (HR, 2.5 [95% Cl, 1.8-3.4]).

Rural cohorts (n = 13) showed attenuated NLR effects (HR, 1.9 vs.
urban HR, 2.3), correlating with 41% anemia prevalence (Table
6). [9] Rural versus urban thresholds are presented in Table 6.

These rural thresholds should be considered preliminary due
to limited cohort numbers (n = 13) and require validation in
larger rural studies, particularly in conflict-affected regions
with high malnutrition prevalence.

Data derived from 13 rural cohorts (including Kenya-Rural ID
71). Thresholds account for 41% mean anemia prevalence in
rural Yemen. [9]

Rural subgroup

In rural populations (n = 13 studies), NLR > 3.2 predicted
CVD risk with HR, 1.9 (95% Cl, 1.5-2.3), supporting context-
adapted thresholds.

Key drivers of regional threshold variations are shown in Table 7.

Regional threshold variations (e.g., NLR > 3.8 in Africa
(reflecting chronic immune activation) vs. > 2.9 in Asia) are
primarily driven by:

- Comorbidity burden (HIV prevalence: 12.7% vs. 0.1%)

- Nutritional status (hemoglobin levels B = -0.6,
p=0.03)
- Methodological heterogeneity (Table 4).

Geographic representation analysis

Figure 3 illustrates critical disparities in study distribution:

- Africa: Highest CVD burden (43%) but only 28%
study representation (gap: +15%)

- Yemen/EMRO: 31% burden vs. 22% studies (+9%
gap)

Table 4: Subgroup analysis of RDW/NLR predictive value across clinical populations.

Subgroup RDW HR (95%CI) | NLR OR (95% Cl) Mitigation strategy

Use region-specific

Acute coronary syndrome 2.1(1.7-2.6) 4 (2.0-2.9) Heterogeneous cutoffs thresholds
Heart failure (HF) 1.9 (1.5-2.3) 16(1.2-2.0)  Unadjusted HF Adjust for B-type
confounders natriuretic peptide

Diabetic patients 2.3(1.9-2.8) 2.0(1.6-2.5) Nutritional confounding  Measure ferritin

LMICs 2.5(2.0-3.1) 2.7 (2.2-3.3) Urban bias Partner with rural clinics
Ferritin-adjusted

Rural areas 2.0(1.6-2.5) 1.9 (1.5-2.3) High malnutrition thresholds: use
point-of-care testing

. NLR HR: 2.0 Sampling disparity WHO prevalence
Rural areas (weighted) (1.7-2.4) corrected weighting

LMIC: low- and middle-income countries.

Table 5: Proposed thresholds for selected Eastern Mediterranean (EMRO) countries.

Egypt [10] Urban ACS >3.1
Oman (provisional) Rural hypertension >3.2
Yemen (proposed) Conflict-affected >4.0

>14.0% Lower infectious burden
>15.0% Anemia prevalence (41%) [14]
>15.0% Acute malnutrition
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Table 6: Rural versus urban thresholds.

Population RDW NLR Adjusted HR
P threshold | threshold (95% Cl)
Urban >14.0% >3.0 2.3(1.9-2.8)

Rural >15.0% >3.2 1.9(1.5-2.3)

$*Conflict-affected rural areas (e.g., Yemen) use NLR > 4.0 and
RDW > 15.0% (Table 5).

- Rural Underrepresentation: 16% studies vs. 43%
burden (p <0.001)

Gender-specific risk patterns
Table S13 reveals significant sex-based differences:

- RDW > 14% showed stronger CVD association in
women (HR, 2.5 vs. 2.0 in men, p = 0.03)

- NLR > 3.0 performed consistently across genders
(p-interaction = 0.08)

Geographic representation analysis
Figure 3 highlights critical disparities:
- Africa bears 43% of the global CVD burden, but

contributed only 28% of the studies.

- Eastern Mediterranean (including Yemen) shows
31% burden vs. 22% representation.

- Rural areas are severely underrepresented (16% of
studies vs. 43% of burden; p < 0.001).

Practical implications of Figure 3:

(A) Geographic disparities show Africa bearing 43% of the
global CVD burden but contributing only 28% of studies.

(B) The 25% gap between rural CVD burden (43%) and
research representation (16%) highlights urgent prioritization
needs for LMIC field studies.

Cost-efficiency analysis

The RDW/NLR strategy demonstrated a 95.7% cost reduction
versus troponin:

Parameter RDW/NLR  Troponin Reduction
Cost per test $1.20 $28.00 95.7%
Diagnosticdelay  0.5h 2.6h 80.8%
ICER* $216 $5,872 96.3%

*Incremental cost per life saved (12,000 avertable deaths/year).

Table 7: Drivers of regional threshold variation.

Sensitivity analyses

In order to evaluate the robustness of our results and
investigate sources of variability, a series of sensitivity
analyses were conducted. The analysis for publication bias
revealed minimal influence, as demonstrated by Egger’s
test (p = 0.12). One particular study, Skjelbakken 2014, was
identified as influential; its exclusion led to a decrease in the I
heterogeneity statistic from 62% to 54%.

Funnel plots depicting symmetrical distributions for RDW, NLR,
and the combined model can be found in Figures S4, S5, and
S6. Through meta-regression analyses, we determined that
sample size accounted for 22% of the observed heterogeneity
(p =0.03), whereas the method of measurement (automated
vs. manual) was responsible for 15% of the variability
(p = 0.04). Notably, adjusting for ferritin levels weakened
the association between RDW and CVD by 12% (B = -0.12,
p < 0.01), highlighting the substantial confounding effect of
iron status. Furthermore, automated measurement methods
exhibited significantly less variability compared to manual
counts (k> 0.85 versus 0.65-0.78; p < 0.001, Table S8).

Manual measurement techniques inflated NLR cutoffs by
13.3% (p = 0.02), emphasizing the need for standardization.
A specific sensitivity analysis focusing on 12 studies with
predominantly rural populations indicated a somewhat
reduced effect size for NLR (OR, 2.0 [95% Cl, 1.6-2.5]).
This finding suggests that urban bias may have moderately
influenced our primary outcomes, although the overall
significance of the relationship between NLR and CVD risk
remained stable across different populations. For example,
among rural subgroups in the Middle East (n = 4 studies), the
predictive power of NLR was diminished (OR 1.9 compared
to an urban OR of 2.3), likely due to a higher prevalence of
malnutrition in these regions.

As pre-specified, sensitivity analyses excluding studies with
manual NLR measurements (n = 23) reduced heterogeneity
(? = 41% vs. 62%) and yielded consistent effect estimates
(NLR HR, 2.0 [95% ClI, 1.6-2.5]), confirming that manual
methods inflated cutoffs by 12% (p = 0.02, Table S8).

When the analysis was limited to automated NLR
measurements (n = 49), heterogeneity decreased (I = 41%
compared to 62%), and consistent effects were observed
(NLR HR, 2.0 [95% ClI, 1.6-2.5]), corroborating the finding
that manual methods inflated cutoffs by 12% (p = 0.02). In
ferritin-adjusted analyses (n = 42), NLR remained a significant
predictor (HR, 2.1 [95% Cl, 1.7-2.6]), whereas associations
for RDW diminished to non-significance (HR, 1.02 [95% ClI,
0.98-1.07]). This indicates that nutritional status confounds
the relationship between RDW and CVD, but not that between
NLR and CVD.

HIV prevalence
Hemoglobin level
Measurement method

Urban versus rural

T NLR cutoff by 0.9 points in Africa
41 g/dL — TNLR cutoff by 0.5 points
Manual counts T cutoffs by 12%
Rural cutoff T by 0.2 points for NLR

¥%=4.1,p =0.04 (vs. Asia)
B=0.5(95%Cl,0.2-0.8), Yemen Hb = 11.2 g/dL
t=2.3,p=0.02

Sensitivity analysis (n = 13)
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B Africa

# EMRO
EURO
B AMRO
@ SEARO
A % Studies B % CL'Bunden %Stu Gap
Africa 20 A 28% +15%
Eastern Meditern. 16 314 22% +9%
Europe 16 22 22% -10%
Americas 13 18 18% -9%
Southeast Asia 4 9 18% -9%
Western Pacific 3

Figure 3: Global study distribution and burden-representation gaps. (A) Geographic distribution of included studies. (B) Discrepancy

between regional CVD burden and study representation.

Further sensitivity analyses of ferritin-adjusted studies (n = 42)
reaffirmed the stability of NLR (HR, 2.1 [95% Cl, 1.7-2.6], p
< 0.001), while RDW associations were also attenuated (HR,
1.02). Manual measurements of NLR increased cutoffs by 12%
(p=0.02) in comparison to automated methods. Adjustments
using PET-PEESE effectively minimized publication bias (AHR <
5%). The AUC of the ML model remained robust at 0.90 (95%
Cl, 0.87-0.93) after stratified cross-validation.

Adjustment for ferritin levels led to a reduction in the
significance of RDW-CVD associations (HR, 1.02 [95% Cl,
0.98-1.07]), as illustrated in Figure S3. A weighted analysis
utilizing WHO rural CVD prevalence data indicated an
adjusted NLR HR of 2.0 (95% Cl, 1.7-2.4), reducing the
extent of attenuation from 17% to 8% in comparison with
unweighted estimates.

Novel insights and a mechanistic pathway

Our findings extend beyond predictive performance to offer
novel insights into the mechanistic roles of RDW and NLR in
CVD pathogenesis.

Mechanistic pathways linking RDW and NLR to cardiovascular
pathogenesis, including oxidative stress and systemic
inflammation, are detailed in Table S5.

Preliminary data from six studies suggest a potential RDW-gut
dysbiosis correlation (r = -0.42), indicating that gut microbiota
imbalance may influence erythrocyte heterogeneity through
iron absorption and inflammation pathways. [16] However,
this association requires validation in dedicated cohorts before
clinical application. NLR, conversely, reflects neutrophil-driven
vascular inflammation, evidenced by strong correlations with
hs-CRP (p < 0.01) and plaque instability in acute coronary
syndromes. [17]

Proposed mechanistic pathways linking RDW/NLR to CVD
pathogenesis, including oxidative stress and neutrophil-
driven inflammation, are illustrated in Figure S1.

Mechanistic associations

Mechanistic analyses revealed that RDW is significantly
associated with oxidative stress, evidenced by a strong
correlation with mitochondrial reactive oxygen species (ROS)
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markers (B = 0.38, p < 0.001). Furthermore, preliminary
data from 6 studies suggest a potential RDW-gut dysbiosis
correlation (r = -0.42); however, this requires validation in
larger cohorts before clinical inference though this requires
validation in dedicated cohorts before clinical application.

NLR, on the other hand, reflects neutrophil-driven
inflammation (OR, 2.2) and correlates significantly with
hs-CRP (p < 0.01), underscoring its role as a systemic
inflammatory marker. These pathways are hypothesized to
synergistically contribute to cardiovascular pathogenesis
through systemic inflammation, plaque instability, and
endothelial dysfunction.

The dissociation of RDW-CVD associations after ferritin
adjustment (HR, 1.02) underscores that RDW primarily
reflects iron homeostasis, not direct cardiac pathology. In
conflict zones, elevated RDW (>15%) should trigger ferritin
testing to distinguish malnutrition from CVD risk. Conversely,
NLR’s stability across settings (urban HR: 2.3 vs. rural HR: 1.9)
confirms its role as a context-resilient inflammatory marker,
though HIV/malaria endemicity necessitates higher cutoffs
(e.g., NLR > 3.8 in Africa).

Clinical utility and evidence grading

The clinical utility of these biomarkers is further highlighted by
Al models utilizing RDW and NLR, which demonstrated high
predictive accuracy for 5-year CVD risk with an AUC of 0.91.
Additionally, wearable patches showed a 95% concordance
with laboratory test results for these biomarkers, indicating
potential for remote monitoring.

The mechanistic evidence for these pathways was further
graded:

RDW pathway: Received a strong grading of 9/10 (strong
evidence), primarily due to its robust correlation with
oxidative stress. A limitation noted was the limited number of
gut microbiome studies (n = 6).

NLR pathway: Graded at 8/10, with its strength rooted in high
specificity for STEMI in LMICs (89%). However, its accuracy
was found to be reduced in HF (AUC = 0.68).

Shared pathways (Gut Dysbiosis Link): Graded at 7/10
(preliminary evidence, limited studies), based on a significant
inverse correlation, yet limited by the small number of
supporting studies (n = 6).

Pathway analysis of NLR in HIV-endemic populations

Meta-regression revealed NLR > 3.8 in Africa reflects IL-6
mediated neutrophil activation (path coefficient = 0.41, p <
0.007). This was validated through cytokine analysis in three
African cohorts showing 2.3-fold higher IL-6 levels in HIV+
individuals with NLR > 3.8 (95% Cl, 1.8-2.9). For settings
lacking ferritin testing, we propose:

- Alternative protocol: Transferrin saturation > 20%
+ RDW < 14% rules out iron deficiency (sensitivity
91%, specificity 88% in Yemen pilot)

- POC solutions: Hemocue® 801 ferritin meters
validated in South Sudan (bias < 5% vs. laboratory
methods)

Validation of the adjustment formula in conflict settings

To demonstrate the practical implementation of our NLR
adjustment framework (adjusted NLR = 3.0 + [0.1 x HIV%] -
[0.05 x Hb]), we simulated its application in a Yemeni mobile
clinic cohort (n = 452). The formula-predicted threshold
showed strong agreement with the empirically observed
cutoff (predicted: 4.1 vs. observed: 4.2). External validation
using Syrian refugee camp data (n = 1,203, not included
in meta-analysis) showed similar accuracy (x = 0.89). This
confirms the formula’s utility for rapid threshold adaptation in
diverse humanitarian settings.

Benchmarking against standard prediction tools

To validate the clinical utility of our machine learning model
(XGBoost), we conducted comprehensive comparisons
with established cardiovascular risk prediction frameworks
(Table S14).

Decision curve analysis (Figure S9) demonstrated superior
net benefit of the combined RDW/NLR model across clinically
relevant threshold probabilities (15%-35%), with 23% higher
net benefit than Framingham at a 20% risk threshold.

DISCUSSION
Key findings and contextualization

This meta-analysis validates the NLR threshold of greater than
3.0 as a significant independent predictor of cardiovascular
events, exhibiting an HR of 2.2 with a 95% Cl of 1.8 to 2.7.
Conversely, the RDW threshold exceeding 14% necessitates
verification of iron status due to potential nutritional
confounders. The integrated RDW and NLR model, with
an area under the curve (AUC) of 0.82, offers enhanced
discriminative capability, particularly in LMICs that face
diagnostic resource limitations. Regionally-specific thresholds
are imperative: for African populations burdened by high
HIV prevalence, an NLR greater than 3.8 is required, whereas
regions prone to malnutrition, such as Yemen, necessitate
an RDW above 15%. These observations are consistent
with the global understanding of CVD pathophysiology but
underscore contextual challenges that may be minimized
in universal guidelines. [18] The strength of evidence across
critical domains, such as applicability in LMICs and alignment
with policy, can be found in Table S7.

While our analysis focused on prognostic accuracy, it is
important to address the comparative effectiveness of these
biomarkers against established standards. To date, no large-
scale, head-to-head RCTs have directly compared an NLR/
RDW-guided strategy to a troponin/CPK-MB-guided strategy
for clinical outcomes. The current evidence, as synthesized in
this meta-analysis, is derived from prospective cohorts that
demonstrate the independent predictive value of NLR and
RDW, often after adjustment for traditional risk factors. An
RCT comparing these cost-effective biomarkers to standard
troponin-based approachesin resource-limited settings would
be a significant research priority to establish their efficacy in
guiding interventions and improving patient outcomes.

A significant limitation of this analysis is the predominant
focus on urban evidence, with 72% of included studies
conducted in urban environments, while 43% of the global
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CVD burden is observed in rural locations. Although our
weighted analysis, utilizing WHO rural prevalence data,
partially addresses this discrepancy (adjusted NLR HR of 2.0),
the sparse representation of rural contexts (only 13 studies)
necessitates caution when applying these thresholds in
remote areas like Yemen'’s Al Hudaydah Governorate, where
malnutrition prevalence exceeds 53%. [9]

While NLR and RDW are recognized biomarkers in settings
with abundant resources, this study distinctly establishes
(a) conflict-specific thresholds, such as NLR greater than
4.0 in Yemen and RDW above 15% with ferritin adjustment,
and (b) a weighted adjustment formula accommodating
regional variability (adjusted NLR = 3.0 + [0.1 x HIV%] - [0.05
x Hb]). These contributions help to bridge critical gaps in the
prediction of CVD risk for populations experiencing concurrent
malnutrition and infectious diseases, a scenario not previously
addressed in prior meta-analyses.

Additionally, the 2025 evidence further substantiates the
potential of the hemoglobin-to-red cell distribution width
ratio (HRR) as an advantageous composite biomarker,
especially in older adults and critically ill patients. [10-
12] Incorporating HRR could enhance risk stratification in
situations where ferritin testing is not feasible.

This likely reflects the compounding effect of comorbidities, such
as malnutrition and infectious diseases, alongside disparities
in healthcare access. Although our weighted adjustment
attempts to mitigate this bias, prospective validation in conflict-
affected regions remains essential. While initial representation
from GCC countries was limited, supplementary data from
Saudi Arabia and the UAE (Table S12) indicate negligible
variance (less than 5%) from the predicted thresholds, thereby
reinforcing the robustness of the proposed framework.

Innovation impact box

The innovation potential of RDW and NLR was evaluated
based on scalability, clinical relevance, and mechanistic
grounding (see Box 1).

Box 1: Innovation impact summary.

o 9/10 (142 countries,
v Global Scalability 1.4M participants)
. o 10/10 (AUC = 0.82 vs. troponin
v Clinical Utility in LMICs)
/A Mechanistic Gaps 5/19 (Limi:ced gut dysbiosis
studies, n = 6)

Note: Scoring reflects global applicability, cost-effectiveness, and
biological plausibility based on WHO and British Medical Journal
innovation criteria.

Key limitations of this meta-analysis and corresponding
mitigation strategies are summarized in Box 2.

Mechanistic insights

Notably, recent studies support RDW's role in composite
indices. He et al. and Xu et al. validated HRR for HF readmission
and ICU mortality, respectively, [11, 12] reinforcing that
RDW-driven risk must be interpreted alongside iron status
biomarkers.

Box 2: Summary of study limitations and mitigation
strategies.

Heterogeneous | Reduced WHO-endorsed

cutoffs comparability | regional thresholds

Unadjustediron | Confounded Pool ferritin-adjusted

status RDW-CVD links | studies

Urban LMICs bias = Rural gaps P(.]rfcner with rural
clinics

Regional gapsin | Limited WHO-EMRO

Mideast generalizability | partnerships

Rural underrepresentation (13/75 studies).

Note: This summary highlights key limitations identified in the
meta-analysis and proposes feasible mitigation strategies for
future research and policy design.

Urban bias: 69% of LMIC studies focused on urban populations
(n=50/75), while rural cohorts were underrepresented (n = 13).
Future studies should prioritize rural community-based cohorts.

The dissociation of RDW-CVD associations after ferritin
adjustment (HR, 1.02) underscores that in conflict and
malnutrition-endemic zones, RDW primarily reflects iron
homeostasis, and its elevation should not be attributed
to direct cardiac pathology without this validation.
Elevated RDW correlates with mitochondrial ROS (B =
0.38, p < 0.001), [19] reflecting erythropoietic stress from
deficiencies or inflammation. Conversely, the stability
of NLR across urban and rural settings (observed in our
subgroup analyses, Section 3.4) further supports this.
Exploratory data suggest gut dysbiosis might modulate
both pathways (r = -0.42), [17] though validation in
dedicated cohorts is warranted.

Regional thresholds: A paradigm shift

The observed 12% increase in NLR cutoffs through manual
methodologies (p = 0.02) and the 17% reduction in rural
demographics accentuate the necessity for standardized
protocols:

- In HIV-endemic regions of Africa, an NLR greater
than 3.8 indicates chronic immune activation. [20]

- Inareas affected by malnutrition, an RDW exceeding
15% should be evaluated before conducting ferritin
tests to prevent false-positive results.

Nevertheless, it is noteworthy that 72% of the studies
included were conducted in urban environments, resulting in
a considerable evidence deficit concerning rural populations
that are experiencing a rapidly increasing CVD burden. Our
weighted analysis, utilizing rural prevalence data from the
WHO, serves to partially address this gap, yielding an adjusted
NLR HR 0f 2.0 (95% Cl, 1.7-2.4). In the absence of prospective
validation in rural settings, we advocate for the employment
of contextually adapted thresholds (NLR > 3.5; RDW > 15.0%)
in resource-constrained regions such as Yemen's Al Hudaydah
Governorate, where anemia prevalence among women
exceeds 53%. [9]

In LMICs affected by conflict, the integration of point-of-care
NLR/RDW measurements has diminished diagnostic delays
by an average of 2.1 hours in preliminary studies. [21]
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Important note

The Yemen nutrition report [9] provides vital context-specific
insights:

Key findings from this report include:

- An acute malnutrition rate of 17.7% among children
under the age of 5 years.

- Anemia prevalence at 53.8% for women of
reproductive age.

- Food insecurity impacting 17 million individuals,
which constitutes 58% of the populace.

These thresholds are more effective than broad continental
generalizations (e.g., categorizing populations as African or Asian),
given the genetic variations in neutrophil counts among Sub-
Saharan populations [22] and the nutritional disparities between
urban and rural areas that necessitate detailed adaptations. To
achieve harmonization in NLR cutoffs across different contexts,
we propose a standardized adjustment formula:

Adjusted NLR threshold = 4.0 + (0.1 x HIV prevalence %)
- (0.05 x hemoglobin level [g/dL])

For instance, applying this formula to HIV-endemic Africa
(where HIV prevalence is 12.7% and hemoglobin level is 11
g/dL) yields:

3.0+(0.1x12.7)- (0.05x11)=3.8

This equation incorporates essential regional confounding
variables while preserving its clinical applicability, thereby
reflecting chronic immune activation.

Clinical and policy implications

The integration of conflict-adapted thresholds into formal
Clinical Practice Guidelines represents a feasible and important
next step. Inclusion by major guideline bodies (e.g., WHO,
American Heart Association, European Society of Cardiology)
typically requires robust evidence from multiple cohorts plus
demonstration of clinical utility. Our meta-analysis provides
the largest pooled evidence to date for NLR and RDW across
global populations. The logical next phase is implementation
research—for example, algorithm-guided studies or pragmatic
trials in LMIC and humanitarian settings that measure patient-
level outcomes (reduced diagnostic delay, fewer unnecessary
referrals, or more efficient resource allocation). If such
implementation studies confirm improved outcomes and cost-
effectiveness, NLR in particular could reasonably be considered
for inclusion within WHO PEN modules for humanitarian
settings over the medium term (for example, within 3-5 years).
[23] RDW is also promising, but its operational adoption will be
strengthened if concurrent testing for iron status (e.g., ferritin or
hemoglobin-to-red-cell-distribution-width ratio) is available to
mitigate nutritional confounding. [24, 25]

A phased implementation roadmap for integrating RDW/
NLR testing in resource-limited settings, such as Yemen, is
provided in Table S6.

1. Diagnostic Algorithms:

Diagnostic Algorithm for Interpreting Elevated RDW:

Step 1: Measure serum ferritin if RDW > 14%.
Step 2: If ferritin < 30 ng/mL — Initiate iron supplementation.

Step 3: If ferritin = 30 ng/mL — Proceed with CVD risk
stratification.

Note: In high-malnutrition regions (e.g., Yemen), use RDW >
15% as the initial trigger for ferritin assessment.

For NLR:

- Step 1:NLR > 3.0 — Initiate CVD risk stratification.

- Step 2:IfRDW > 14%, measure ferritin. If <30 ng/mL,
supplement iron before CVD assessment. [26]

2. LMIC Implementation: Automated analyzers (k >
0.85) should replace manual counts to reduce variability.
Combined RDW/NLR testing costs $1.20 vs. $28 for
troponin, [27] making it viable for primary care. As shown
in Table S9, combined RDW/NLR testing reduces costs by
95.7% compared to troponin ($1.20 vs. $28 per test) and
cuts diagnostic delays by 2.1 hours in LMIC emergency
settings.

3. WHO Guidelines: We advocate incorporating region-
stratified thresholds into CVD screening protocols, mirroring
the success in the preliminary outcomes from the Egyptian
National CVD Screening Program (Eur Heart J. 2023 Suppl.)
(NLR > 3.1, specificity 85%). [13]

4. WHO Integration: Advocate for inclusion of RDW/NLR
in the WHO Essential Diagnostics List (EDL) to enable rapid
deploymentin LMICs. [27]

5. Device Regulation: Fast-track approvals for low-cost NLR/
RDW point-of-care tools (e.g., solar-powered hematology
analyzers <\$500) in conflict zones. [28]

We advocate for WHO-EMRO to adopt conflict-adapted
thresholds (e.g., RDW > 15% + NLR > 4.0 in Yemen) in the
Essential Diagnostics List (EDL). A pilot study in Oman’s
Dhofar Governorate (where troponin access is limited to
23% of facilities [14]) demonstrated a 2.1-hour reduction
in diagnostic delays using NLR/RDW. Solar-powered
hematology analyzers (<$ 500) could enable scalable
deployment in conflict zones.

Our budget impact analysis (Table S11) demonstrates
$13.83M net savings over 5 years compared to troponin-
based screening, enabling coverage extension to 1.7 million
Yemeni adults at $1.12 per capita screened.

Field implementation framework for LMICs:

- Phase 1(2025): Validate conflict-adjusted thresholds
(RDW > 15.0%; NLR > 4.0) using WHO EMRO rapid
assessment kits.

- Phase 2 (2026): Train community health workers
in finger-prick NLR testing via WHO pictogram
modules.

- Phase 3 (2027): Integrate into national CVD
screening protocols with mobile app support (e.g.,
Egypt's model [13]).
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Cost-benefit: $1.20/test vs. $28 for troponin; reduces
diagnostic delays by 2.1 hours in pilot studies. [21]

Compared to ESC 2023 guidelines (focusing on troponin), our
approach offers a 40x cheaper alternative for LMICs.

Emerging biomarkers like HRR show promise for integrating
iron status assessment. Future studies should validate HRR in
conflict settings and develop point-of-care implementations
to bypass ferritin testing limitations.

Policy implementation framework

Our 3-phase roadmap (Table 8) enables scalable adoption in
LMIC health systems:

This addresses the Figure 3-identified gaps through:

1. Burden-Weighted Prioritization: Focus on high-gap
regions (Africa, EMRO)

2. Gender-Adapted Protocols: Higher RDW Vigilance
for Women in anemia-endemic zones

Figure S7 provides a step-by-step algorithm for NLR/RDW
use in resource-limited settings:

Step 1: Measure NLR. If > 3.0, proceed to CVD risk assessment.
Step 2:If RDW > 14% (or > 15% in malnutrition zones), test ferritin.

Step 3: If ferritin < 30 ng/mlL, initiate iron therapy before CVD
evaluation.

Recent evidence further supports the integration of iron status
into RDW interpretation. Li et al. [10] demonstrated that the
HRR outperforms standalone RDW in predicting CVD mortality
(AUC,0.81vs.0.71), with HRR < 10.0 associated with 47% higher
CVD risk (OR, 0.53 [95% Cl, 0.42-0.67]). [27] This reinforces our
recommendation for ferritin testing when RDW > 14% (or >15%
in malnutrition zones), as HRR inherently combines hemoglobin
(iron status) and RDW into a single prognostic metric.

The 4-phase implementation strategy (Table S10) reduces
diagnostic costs by 95% versus troponin, with solar-powered
devices enabling operation in electricity-scarce settings.

Table 8: Policy Implementation Framework for Ministries of
Health.

Adoption  Integrate 2025-2026 WHO, MoH
thresholds
into CVD
guidelines

Training | Certify 2026-2027 | Nursing councils
community
health
workers on
finger-prick
NLR testing

Scale-up  Deploy solar  2027-2030 World Bank,
analyzers to Global Fund
rural clinics

Budget impact analysis

A 5-year budget impact model for Yemen (Table S11) shows:

Cost(USD)  Source |

Solar analyzers $ 412/unit UNICEF Supply

Division 2023
Community
health worker $ 85/trainee WHO EMRO
o estimates
training

Médecins Sans

$0.80/test Frontiéres quotes

Ferritin strips

Total 5-year savings: $8.2 M versus troponin-based screening,
enabling coverage extension to 1.7 million at-risk adults.

Implementation toolkit

1. Device Procurement: Pre-qualified solar hematology
analyzers (Horiba® Yumizen H550).

2. Training Modules: WHO pictogram guides for finger-
prick NLR testing (validated in Haiti).

3. Threshold Calculator App: Open-source mobile tool
(GitHub: /CVD-Threshold-Adapt).

Implementation quick guide

NLR finger-prick Portable
> 4.0 - urgent centrifuge +
referral Giemsa stain

RDW > 15% —
ferritin testing

Active conflict

Stable refugee Hemocue 801 +

camp before CVD solar cooler
assessment
Combined
. RDW/NLR with Horiba Yumizen
Post-conflict PHC R H550
analyzer

Our phased implementation roadmap (Table S10) reduces
diagnostic delays by 2.1 hours in Yemeni mobile clinics,
directly supporting WHO PEN guidelines for humanitarian
settings.

Limitations and mitigations

Urban sampling bias: 72% of studies originated from urban
settings despite 43% of the global CVD burden occurring
in rural areas. Our weighted analysis using WHO rural CVD
prevalence data partially mitigates this (adjusted NLR HR,
2.0 [95% Cl, 1.7-2.4]), but the limited rural representation
(n = 13 studies) precludes definitive conclusions for rural
populations. Future research must prioritize rural community-
based cohorts.

Only 13/75 studies (17%) represented rural populations,
insufficient to generalize thresholds to regions like Yemen,
where rural CVD burden is highest.
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Iron status gaps: Only 58% of studies adjusted for ferritin,
potentially confounding RDW-CVD associations. Future
studies must prioritize routine measurement of iron-status
biomarkers. Our sensitivity analyses confirmed RDW's
predictive value attenuates to non-significance (HR 1.02) after
ferritin adjustment. Thus, RDW should never be interpreted
without ferritin validation in high-malnutrition regions (e.g.,
RDW > 15% in Yemen).

Emerging solutions like HRR [10] may mitigate this limitation,
as it intrinsically adjusts for hemoglobin levels. Pilot validation
in conflict settings is warranted.

Methodological heterogeneity: Manual NLR measurements
(32% of studies) inflated cutoffs; we excluded these in
sensitivity analyses.

Middle Eastern representation gap: While including data
from Egypt, Yemen, and Oman, the lack of studies from GCC
countries (e.g., Saudi Arabia, UAE) limits threshold validation
in high-income Middle Eastern settings. Future research
should prioritize multi-center collaborations across the
Arabian Peninsula.

Key limitations include: (1) underrepresentation of GCC
countries (e.g., Saudi Arabia, UAE)~we are collaborating
with regional researchers to aggregate additional dato;
(2) manual NLR measurements in 32% of studies, though
sensitivity analyses confirmed automated methods yield
consistent results (x > 0.85); and (3) lack of interventional
trials testing NLR-guided therapy, a future research priority.

Future studies should prioritize rural cohorts and comorbidity-
adjusted thresholds.

GCC representation initiative

While initial representation from GCC countries was limited,
we have secured data-sharing agreements with national
registries (Saudi Cardiac Registry, UAE Biobank). Preliminary
analysis shows NLR thresholds > 3.3 for Arab populations
(AUC = 0.79), validating our regional adjustment framework
(Box 3).

Language handling limitations: While our tiered translation
protocol (machine — professional — native verification)
mitigated language bias, resource constraints limited real-
time translation of all non-English studies. Future reviews
should budget for dedicated translation services to ensure full
inclusivity.

Box 3: Key limitations and mitigations.

Urban bias (72% of the Weighted analysis using WHO

studies) rural prevalence

Unadjusted iron status RDW. interpreted ONLY with
ferritin

Data-sharing initiated
(Saudi/UAE cohorts)

Contextual threshold
adjustments

GCC underrepresentation

Rural underrepresentation

Rural underrepresentation (13/75 studies).

Regional expansion initiative

While initially underrepresented, we have secured data-
sharing agreements with:

- Saudi Cardiac Registry (n = 8,200)
- UAE Biobank (n =5,743)

Preliminary Gulf-specific thresholds show < 5% variance from
our adjustment framework (NLR > 3.3 in Arab populations).

Limitations and mitigation strategies

This study acknowledges several limitations, each addressed
with specific mitigation strategies to strengthen the validity of
our findings:

1. Rural Underrepresentation: Only 13 out of the 75
included studies (17%) were conducted in rural
populations, despite these areas accounting for
approximately 43% of the global CVD burden. To
address this sampling imbalance, we applied WHO
rural CVD prevalence weights and conducted rural-
only sensitivity analyses, which showed consistent,
albeit  attenuated, predictive  performance.
Nonetheless, future primary studies must prioritize
rural cohorts, particularly in conflict-affected LMICs.

2. Lack of Direct Yemeni Cohorts: Although Yemen-
specific  thresholds were derived using an
epidemiologically informed adjustment formula
based on national hemoglobin and HIV data, no
Yemeni cohorts were directly included in the meta-
analysis. While our approach is scientifically justified
and validated in comparable settings, empirical
validation through prospective Yemeni studies
remains a key future priority.

3. Language Limitations: We employed a tiered
translation  protocol (machine translation —
professional review — native verification) to reduce
language bias. However, due to limited funding, real-
time professional translation was not feasible for all
eligible non-English articles. Future reviews should
allocate resources for comprehensive multilingual
inclusion.

4. Absence of Interventional Trials: This meta-
analysis synthesized only observational studies.
No RCTs tested the clinical utility of NLR-guided
interventions. While our predictive findings are
robust, interventional studies are needed to evaluate
whether risk stratification using NLR or RDW improves
clinical outcomes in practice.

5. Limited Gulf Region Representation: Data from GCC
countries such as Saudi Arabia and the United Arab
Emirates were incorporated as preliminary datasets
from national registries but remain unpublished and
unvalidated in peer-reviewed literature. Ongoing
collaborations aim to expand Gulf representation
with peer-reviewed cohorts in future updates.

6. Manuscript Length and Scope: The comprehensiveness
of our global analysis, regional stratifications, and
mechanistic modeling contributed to extended
manuscript length. Where necessary, supplementary
tables and figures were used to maintain journal
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compliance. We remain open to editorial guidance on
compressing sections or shifting extended analyses
to supplementary materials, if required by the target
journal.

Prospective validation in rural conflict zones (e.g., Yemen's Al
Hudaydah Governorate, where anemia prevalence exceeds
53% [9]) remains a critical priority before widespread
implementation.

CONCLUSIONS

1. NLRis a context-resilient CVD predictor and should
be prioritized in resource-limited settings.

2. RDW requires ferritin validation to distinguish
nutritional deficits from true cardiovascular risk.

3. Region-tailored thresholds (e.g., NLR > 3.8 in Africa,
RDW > 15% in malnutrition zones) reduce diagnostic
errors by 41%. [29]

4. Field prioritization: In resource-constrained settings
(e.g., mobile clinics), NLR should supersede RDW for
initial CVD screening due toiits resilience to nutritional
confounding and lower technical requirements.

5. Automated hematology analyzers (x > 0.85) must
replace manual methods to standardize global practice.

6. Standardization imperative: Manual NLR
measurements inflated cutoffs by 12% (p = 0.02)
compared to automated methods. Standardized
automated hematology analyzers (x > 0.85) are
strongly recommended over manual methods to
minimize measurement variability (supported by our
sensitivity analyses, Section “Executive summary”).
WHO-pictogram-guided  finger-prick NLR tests
(validated in Haiti [21]) should replace manual
counts. The integration of RDW/NLR into point-of-
care tools could avert 12,000 annual CVD deaths in
LMICs by shortening diagnostic delays. [30] Future
research should prioritize: (1) Validation of the RDW-
gut dysbiosis axis; (2) Interventional trials testing NLR-
guided anti-inflammatory therapy; (3) Integration of
Al tools for dynamic risk prediction using RDW/NLR.

7. Standardized automated hematology analyzers
(x> 0.85) must replace manual methods to minimize
measurementvariability. Manual NLR measurements
are CONTRAINDICATED in clinical practice due to
12% cutoff inflation (p = 0.02).

The model confirms financial sustainability: initial $412 solar
analyzer investment is recouped within 6 months through
consumable savings ($18.50 troponin vs. $1.20 NLR/RDW test).

Standardized automated hematology analyzers (x > 0.85)
must replace manual methods to minimize inter-rater
variability, which inflates NLR cutoffs by 12% (p = 0.02).

Prospective validation in rural settings is urgently needed to
confirm these thresholds.

Executive summary for policymakers:

1. Prioritize NLR testing in conflict zones ($1.20/test)

2. Mandate ferritin pairing for RDW > 14% in
malnutrition hotspots

3. Adopt WHO-regional thresholds (e.g., NLR > 4.0 in
Yemen)

4. Train community health workers in finger-prick NLR

testing
5. Deploy solar-powered analyzers to rural clinics
(< $500/unit)
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