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Association of Surgical–Anaesthesia Workforce Density, Universal Health Coverage, and Macroeconomic Factors with Acute Abdominal Emergency Outcomes in 130 Low- and Middle-Income Countries (2000–2023): A Longitudinal Panel Study

ABSTRACT
Background: Acute abdominal emergencies—appendicitis, paralytic ileus/intestinal obstruction, incarcerated hernia, peptic ulcer, biliary disease, and mesenteric vascular disorders—are time-critical conditions. Although the Lancet Commission established a target of 20–40 specialist surgical, anaesthetic, and obstetric (SAO) providers per 100,000, longitudinal elasticities of mortality, disability-adjusted life-years (DALYs), and case-fatality (Mortality-to-Incidence Ratio [MIR]) remain unquantified.
Aims: To evaluate macroeconomic determinants, Universal Health Coverage (UHC), and SAO workforce density associated with acute abdominal mortality, DALYs, and MIR across 130 low- and middle-income countries (LMICs) from 2000 to 2023.
Study Design: Multi-repository longitudinal panel study.
Place and Duration of Study: Global panel across 200 countries (130 LMICs, 70 high-income countries [HICs]) over 24 years (2000–2023; 4,800 country-years).
Methodology: Data merged from IHME GBD 2023, World Bank, and WHO Global Health Observatory repositories were analyzed using autoregressive Generalized Estimating Equations (GEE AR[1]) with Huber–White standard errors and Restricted Maximum Likelihood Linear Mixed-Effects models with Mundlak within–between decomposition.
Results: Across 4,800 country-years (3,120 LMIC country-years), mean SAO density was 2.04 per 100,000 (median 0.55) in low-income countries (LICs) versus 66.89 (median 60.81) in HICs. Despite lower LIC incidence (1,103.05 vs. 2,061.98 per 100,000), mortality was 2.09-fold higher (19.74 vs. 9.44), DALYs 2.10-fold higher (617.24 vs. 293.81), and MIR 3.71-fold higher (1.86% vs. 0.50%). In LMIC GEE AR(1) models, log SAO density independently reduced mortality by −5.58% (p = 0.0002), DALYs by −3.08% (p = 0.0065), Total 6 MIR by −10.84% (p = 1.73 × 10-8), and Core 3 surgical MIR by −11.33% (p = 2.30 × 10-7). Achieving ≥20 SAO/100,000 across 89 deficit LMICs prevents 102,254 deaths and 3,259,619 DALYs annually.
Conclusion: Expanding surgical–anaesthesia workforce density and UHC financial protection is essential to eliminate preventable acute abdominal mortality across LMICs.
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1. INTRODUCTION
1.1 Global Clinical Burden of Time-Critical Acute Abdominal Emergencies, Pathophysiological Golden Windows, and the Lancet Commission Benchmark
Acute abdominal emergencies—encompassing perforated or gangrenous acute appendicitis, paralytic ileus and mechanical intestinal obstruction, incarcerated or strangulated inguinal, femoral, and abdominal wall hernias, perforated or bleeding peptic ulcer disease, acute calculous cholecystitis and ascending suppurative cholangitis, and acute mesenteric vascular disorders—constitute the single largest contributor to emergency general surgical admissions and perioperative mortality worldwide.1,2 Unlike elective reconstructive, orthopedic, or oncological procedures that can be scheduled weeks in advance or referred systematically across regional tertiary hospital networks, acute abdominal catastrophes unfold along a relentless, time-critical pathophysiological trajectory.2,3 Within 6 to 24 hours of luminal obstruction, visceral strangulation, or transmural viscus perforation, rising intraluminal pressure compromises mesenteric venous outflow and arterial capillary perfusion, triggering mucosal barrier breakdown, bacterial translocation of Gram-negative enteric bacilli and anaerobes into the peritoneal cavity, massive third-space fluid sequestration, endotoxemic distributive shock, acute kidney injury, acute respiratory distress syndrome (ARDS), and refractory multiorgan dysfunction syndrome.2–4 Consequently, patient survival across all six acute abdominal syndromes hinges on an unbroken clinical rescue chain: rapid community recognition and prehospital transport, immediate emergency department resuscitation, diagnostic triage via ultrasonography or computed tomography (CT), prompt operative source control (laparotomy or laparoscopy for appendectomy, adhesiolysis, segmental bowel resection and primary anastomosis or stoma creation, tension-free herniorrhaphy, Graham omental patch repair, biliary decompression, or mesenteric embolectomy), and physiologically guided perioperative anaesthesia and critical care.3,4
In 2015, the landmark Lancet Commission on Global Surgery (Meara et al.) fundamentally reframed surgical care as an indivisible component of universal health systems, documenting that approximately 5 billion people—more than two-thirds of the human population—lack access to safe, timely, and affordable surgical and anaesthesia services, with the deficit concentrated overwhelmingly in low- and middle-income countries (LMICs).1 To anchor national health-system planning through 2030, the Lancet Commission established six core global surgical indicators, headlined by a minimum specialist surgical, anaesthetic, and obstetric (SAO) workforce density target of 20 to 40 credentialed providers per 100,000 population, timely access within 2 hours to a Bellwether-capable hospital (performing emergency laparotomy, caesarean delivery, and open fracture management), a minimum national operative volume of 5,000 procedures per 100,000 population, and 100% financial risk protection against catastrophic and impoverishing out-of-pocket surgical expenditure.1,5 Complementing these macro-level health-system targets, large-scale prospective multicentre clinical cohort studies—including the GlobalSurg-1 international emergency abdominal surgery study across 10,745 patients in 58 countries,2 the African Surgical Outcomes Study (ASOS) and ASOS-2 cluster-randomized trial across Sub-Saharan Africa,6 and the GlobalSurg-3 and National Institute for Health and Care Research (NIHR) Global Health Research Unit on Global Surgery studies across 82 to 119 countries7–11—have demonstrated that 30-day perioperative mortality after emergency abdominal surgery is three- to four-fold higher in low-income and lower-middle-income settings than in high-income settings. Crucially, these prospective clinical cohorts revealed that while postoperative complication rates vary only modestly across countries, mortality following a major complication ('failure to rescue') is dramatically elevated in resource-constrained hospitals lacking specialist surgeons, physician anaesthesiologists, blood banking, and postoperative high-dependency or intensive care units.6–9
1.2 Methodological Bottlenecks in Global Surgical Epidemiology: The Incidence Paradox, Ecological Confounding, and Cadre Aggregation
Despite the transformative clinical insights provided by prospective hospital registries and the Lancet Commission on Global Surgery, three major methodological bottlenecks have prevented global health economists and surgical policymakers from establishing the precise longitudinal elasticity of acute abdominal mortality, disability, and case-fatality to specialist workforce expansion and macroeconomic health financing over the past quarter-century.12–15 First, the vast majority of macro-epidemiological studies evaluating the relationship between SAO workforce density and surgical mortality have relied on cross-sectional regressions at a single calendar year.1,12,13 Cross-sectional ecological regressions cannot separate the causal or structural effect of health-workforce density from unobserved time-invariant country heterogeneity—such as geographic terrain, underlying transportation infrastructure, endemic infectious and nutritional comorbidities, and historical medical education systems—nor can they distinguish persistent between-country capacity differences from short-term within-country budgetary fluctuations over time.5,14,15
Second, prior global burden assessments of digestive and surgical diseases have almost universally evaluated population-level age-standardized mortality rates (ASMR) and disability-adjusted life-years (ASDR) in isolation without accounting for cross-national variation in underlying disease incidence.3,4,14–17 Evaluating population-level ASMR alone introduces a severe epidemiological distortion that we define as the 'global acute abdomen incidence paradox': in high-income countries (HICs), advanced demographic aging, westernized dietary profiles, and ubiquitous 24-hour emergency department access to multi-detector contrast-enhanced CT and ultrasonography produce substantially higher recorded age-standardized incidence rates (ASIR) of gallstone disease, diverticular and adhesive bowel obstruction, abdominal wall hernias, and acute mesenteric vascular disorders than in low-income countries (LICs), where younger population structures and severe diagnostic imaging scarcity leave mild or non-perforated episodes unrecorded.14–17 When incidence is nearly twice as high in HICs as in LICs, comparing raw population ASMR severely understates the true risk of death faced by an individual patient who develops an acute abdomen. Formulating the age-standardized Mortality-to-Incidence Ratio (MIR = 100 × ASMR / ASIR) as a validated population-level proxy for perioperative and acute Case-Fatality Rate (CFR) is therefore essential to normalize mortality against incident disease volume and isolate health-system rescue capacity.16,17
Third, previous global analyses have treated the composite specialist surgical workforce indicator as a monolithic aggregate without disaggregating licensed specialist surgeons from licensed specialist anaesthesiologists across reporting nations.18–21 In clinical reality, emergency laparotomy for generalized peritonitis or strangulated bowel obstruction is a tightly coupled two-cadre intervention: an operating surgeon cannot safely incise the abdomen or salvage a septic patient without an anaesthesia provider capable of rapid-sequence endotracheal intubation, invasive hemodynamic monitoring, vasopressor and fluid resuscitation, and postoperative mechanical ventilation.6,18,19,21 Furthermore, in LMICs where direct point-of-care out-of-pocket payments dominate health financing, the Three-Delays Framework dictates that catastrophic surgical expenditure risk acts as an upstream financial barrier (First Delay) that forces impoverished families to delay hospital presentation until uncomplicated appendicitis or reducible hernia has progressed to irreversible fecal peritonitis and septic shock.13,17
1.3 Study Rationale and Objectives of the 24-Year Multi-Repository Longitudinal Econometric Panel
To overcome cross-sectional confounding, resolve the global acute abdomen incidence paradox, and quantify cadre-specific and disease-specific elasticities, we constructed a 24-year balanced longitudinal panel dataset (2000–2023) across 200 sovereign nations and territories (4,800 total country-years, focusing on 3,120 country-years across 130 LMICs alongside 1,680 country-years in 70 HIC comparators) by harmonizing three authoritative international repositories: the Institute for Health Metrics and Evaluation Global Burden of Disease Study (IHME GBD 2023), the World Bank World Development Indicators repository, and the World Health Organization Global Health Observatory (WHO GHO).3,4,12,18
Specifically, the objectives of this investigation were fivefold: (1) to characterize 24-year longitudinal trajectories and cross-stratum disparities in specialist SAO workforce density, per-capita health expenditure (PPP and nominal US dollars), out-of-pocket financing, catastrophic surgical expenditure risk, Universal Health Coverage (UHC), and disease-specific ASIR, ASMR, ASDR, and MIR across all six GBD acute abdominal emergencies; (2) to empirically evaluate the non-linear dose–response curve and clinical validity of the Lancet Commission 20 to 40 SAO per 100,000 workforce thresholds; (3) to estimate population-averaged longitudinal elasticities using first-order autoregressive Generalized Estimating Equations (GEE AR[1]) validated by Pan's Quasi-Likelihood under the Independence Model Criterion (QIC), paired with Restricted Maximum Likelihood (REML) Linear Mixed-Effects (LME) models incorporating Mundlak within–between decomposition; (4) to map cause-specific elasticity matrices across the six individual abdominal emergencies; and (5) to disaggregate licensed specialist surgeons versus specialist anaesthesiologists across 151 countries to define the 'Anaesthesia Bottleneck Zone' and simulate the annual counterfactual deaths and DALYs avertable if all 89 deficit LMICs achieved the minimum Lancet Commission benchmark of at least 20 SAO providers per 100,000 population.18–24
2. MATERIALS AND METHODS
2.1 Multi-Repository Data Architecture, Global Panel Harmonization, and World Bank Income Stratification (2000–2023)
This investigation was designed and executed as a longitudinal ecological and econometric multi-repository panel study adhering to the Guidelines for Accurate and Transparent Health Estimates Reporting (GATHER) and Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guidelines.3,4,12 Longitudinal data harmonization was conducted across calendar years 2000 through 2023 (T = 24 consecutive annual time points) for 200 countries and territories (N = 200 countries; N × T = 4,800 total country-year observations) using standardized ISO 3166-1 alpha-3 (ISO-3) country codes and calendar year (ISO-3 × Year). Countries were categorized according to official World Bank analytical income classifications into four strata that summed exactly to 100.0% of the global panel: (i) Low-Income Countries (LIC: n = 25 countries [12.5% of global countries, 19.23% of LMICs]; 600 country-years); (ii) Lower-Middle-Income Countries (LMC: n = 47 countries [23.5% of global countries, 36.15% of LMICs]; 1,128 country-years); (iii) Upper-Middle-Income Countries (UMC: n = 58 countries [29.0% of global countries, 44.62% of LMICs]; 1,392 country-years)—which collectively constituted our primary analytical cohort of 130 LMICs (65.0% of global countries; 3,120 country-years)—and (iv) High-Income Countries (HIC: n = 70 countries [35.0% of global countries]; 1,680 country-years), which served as the global high-capacity benchmark.
A total of 42 official indicator time series were retrieved and validated across three primary global repositories. First, from the IHME Global Burden of Disease (GBD 2023) study database, we retrieved complete annual series (2000–2023) of Age-Standardized Mortality Rates (ASMR, per 100,000 population), Age-Standardized DALY Rates (ASDR, per 100,000 population), and Age-Standardized Incidence Rates (ASIR, per 100,000 population)—direct-standardized to the GBD world standard population—for all six non-traumatic acute abdominal emergency entities in the GBD cause hierarchy: (1) acute appendicitis (ICD-10 K35–K37);25–27 (2) paralytic ileus and intestinal obstruction without hernia (ICD-10 K56);28–31 (3) inguinal, femoral, and abdominal wall hernia (ICD-10 K40–K46);32 (4) peptic ulcer disease, comprising gastric and duodenal ulcer perforation and hemorrhage (ICD-10 K25–K28);33–35 (5) gallbladder and biliary tract diseases, including acute cholecystitis and cholangitis (ICD-10 K80–K83);36,37 and (6) vascular intestinal disorders, encompassing acute arterial mesenteric thromboembolism, mesenteric venous thrombosis, and non-occlusive mesenteric ischemia (ICD-10 K55).38–40
Second, from the World Bank World Development Indicators repository, we retrieved 14 core macroeconomic, health financing, and surgical system series: specialist surgical workforce density (surgeons, anaesthesiologists, and obstetricians [SAO] per 100,000 population), surgical procedures per 100,000 population, risk of catastrophic expenditure for surgical care (% of population at risk of direct out-of-pocket surgical payments exceeding 10% of total household consumption or income), risk of impoverishing expenditure for surgical care, current health expenditure (CHE) per capita in Purchasing Power Parity international dollars and nominal US dollars, out-of-pocket (OOP) expenditure as a percentage of CHE, gross domestic product (GDP) per capita in constant 2017 PPP international dollars, total physicians per 100,000 population, nurses and midwives per 1,000 population, hospital beds per 1,000 population, urban population percentage, and total national population. Third, from the WHO Global Health Observatory (GHO) repository, we retrieved disaggregated national counts of licensed general and specialist surgeons and licensed specialist anaesthesiologists across 151 reporting countries (converted to densities per 100,000 population using matched annual population denominators), medical doctors per 10,000, nursing and midwifery personnel per 10,000, the WHO Universal Health Coverage (UHC) Service Coverage Index (scale 0–100), and the UHC Service Capacity and Access Sub-Index. Comprehensive summary statistics across the four World Bank income strata are presented in Table 1.

Table 1. Specialist Surgical Workforce Capacity, Macroeconomic Determinants, and Epidemiological Burden of Six Acute Abdominal Emergencies Across World Bank Income Strata (4,800 Country-Years; 200 Countries, 2000–2023).
	Macroeconomic, Workforce & Surgical Burden Indicator
	Low-Income (LIC, n=25; 12.5%)
	Lower-Middle (LMC, n=47; 23.5%)
	Upper-Middle (UMC, n=58; 29.0%)
	High-Income (HIC, n=70; 35.0%)
	LIC : HIC Disparity Ratio

	Panel Observations (Country-Years, 2000–2023)
	600 (12.5%)
	1,128 (23.5%)
	1,392 (29.0%)
	1,680 (35.0%)
	Total = 4,800 (100.0%)

	Specialist Surgical Workforce SAO / 100k — Median (IQR)
	0.55 (0.32–0.94)
	3.01 (1.49–8.76)
	16.60 (9.80–46.75)
	60.81 (37.42–84.90)
	0.009× (1 : 111)

	Specialist Surgical Workforce SAO / 100k — Mean
	2.04
	10.73
	30.81
	66.89
	0.03× (1 : 32.7)

	General & Specialist Physicians / 100k (Mean)
	28.4
	53.9
	174.3
	301.9
	0.09× (1 : 10.6)

	Current Health Expenditure per Capita PPP (Int$, Mean)
	$96.5
	$234.3
	$713.8
	$2,891.4
	0.03× (1 : 30.0)

	Current Health Expenditure per Capita Nominal (US$, Mean)
	$33.2
	$98.8
	$327.6
	$2,511.6
	0.013× (1 : 75.6)

	GDP per Capita PPP (Constant Int$, Mean)
	$2,173
	$5,555
	$14,279
	$48,134
	0.05× (1 : 22.2)

	Out-of-Pocket Health Expenditure (% of CHE)
	43.7%
	41.4%
	35.4%
	22.1%
	1.97×

	Population at Risk of Catastrophic Surgical Expenditure (%)
	69.8% (2023: 67.62%)
	43.5% (2023: 43.43%)
	18.4%
	6.6%
	10.53×

	WHO Universal Health Coverage Service Coverage Index (UHC, 0–100)
	37.2
	48.7
	67.9
	78.4
	0.47×

	Total 6 Acute Abdomen — Mortality ASMR (per 100,000)
	19.74
	18.37
	11.56
	9.44
	2.09×

	Total 6 Acute Abdomen — DALY Burden ASDR (per 100,000)
	617.2 (617.24)
	567.3
	378.2
	293.8 (293.81)
	2.10×

	Total 6 Acute Abdomen — Incidence ASIR (per 100,000)
	1,103.1 (1,103.05)
	1,316.4
	1,668.8
	2,062.0 (2,061.98)
	0.53×

	Total 6 Acute Abdomen — Case-Fatality Proxy MIR (%)
	1.86%
	1.53%
	0.75%
	0.50%
	3.71×

	Core 3 Surgical Abdomen (Appendicitis + Ileus + Hernia) — ASMR
	9.05
	7.40
	4.06
	3.10
	2.92×

	Core 3 Surgical Abdomen — Case-Fatality Proxy MIR (%)
	1.69%
	1.33%
	0.76%
	0.54%
	3.14×

	Acute Appendicitis — Case-Fatality Proxy MIR (%)
	0.291%
	0.217%
	0.116%
	0.057%
	5.08×

	Paralytic Ileus & Intestinal Obstruction — MIR (%)
	2.93%
	3.32%
	2.25%
	1.61%
	1.83×

	Inguinal, Femoral & Abdominal Hernia — MIR (%)
	3.08%
	2.06%
	0.96%
	0.47%
	6.54×

	Peptic Ulcer Disease — Case-Fatality Proxy MIR (%)
	19.29%
	17.63%
	12.10%
	9.02%
	2.14×

	Gallbladder & Biliary Tract Diseases — MIR (%)
	0.431%
	0.364%
	0.219%
	0.144%
	2.99×

	Vascular Intestinal Disorders (Mesenteric Ischemia) — MIR (%)
	13.96%
	10.56%
	8.90%
	8.26%
	1.69×

	Secular Mortality Change 2000 → 2023 (%)
	−18.2%
	−30.3%
	−26.0%
	−28.6%
	LIC Lagging


Abbreviations: ASDR, Age-Standardized DALY Rate; ASIR, Age-Standardized Incidence Rate; ASMR, Age-Standardized Mortality Rate; CHE, Current Health Expenditure; DALY, Disability-Adjusted Life-Year; GDP, Gross Domestic Product; HIC, High-Income Countries; Int$, International Dollars at Purchasing Power Parity; IQR, Interquartile Range; LIC, Low-Income Countries; LMC, Lower-Middle-Income Countries; LMICs, Low- and Middle-Income Countries (n = 130 countries; 3,120 country-years across LIC [19.23%], LMC [36.15%], and UMC [44.62%]); MIR, Mortality-to-Incidence Ratio (100 × ASMR / ASIR); OOP, Out-of-Pocket; PPP, Purchasing Power Parity; SAO, Specialist Surgical, Anaesthetic, and Obstetric Workforce; UHC, Universal Health Coverage; UMC, Upper-Middle-Income Countries.

2.2 Epidemiological Outcome Constructs, Mortality-to-Incidence Ratio (MIR) Formulation, and Longitudinal Calibration
To disentangle true perioperative and acute case-fatality from cross-national variation in underlying disease incidence and diagnostic imaging detection, we formulated the age-standardized Mortality-to-Incidence Ratio (MIR) for each condition c, country i, and year t as: MIRc,it = 100 × (ASMRc,it / ASIRc,it), expressed as a percentage (%).16,17,30,34 Under steady-state population dynamics for acute, short-duration surgical emergencies where disease duration spans days rather than years, the ratio of age-standardized mortality to age-standardized incidence converges mathematically to the population-averaged Case-Fatality Rate (CFR), providing an unbiased metric of surgical and perioperative rescue performance across countries with disparate diagnostic infrastructures.30,34,41
We evaluated two composite multi-cause aggregates alongside all six individual disease entities. First, Total 6 Acute Abdominal Emergencies aggregated age-standardized mortality, DALYs, and incidence across all six GBD abdominal causes: ASMRTotal6,it = ∑c=16 ASMRc,it, ASDRTotal6,it = ∑c=16 ASDRc,it, ASIRTotal6,it = ∑c=16 ASIRc,it, and composite MIRTotal6,it = 100 × (ASMRTotal6,it / ASIRTotal6,it). Second, because peptic ulcer disease and gallbladder/biliary diseases are partially amenable to non-operative medical or endoscopic therapy (such as antimicrobial Helicobacter pylori eradication, proton-pump inhibitors, or endoscopic retrograde cholangiopancreatography [ERCP]), we constructed the Core 3 Surgical Abdomen aggregate restricted strictly to the three mechanical/obstructive visceral emergencies that virtually always mandate urgent physical operative intervention—acute appendicitis, paralytic ileus and intestinal obstruction, and inguinal/femoral/abdominal hernia—with ASMRCore3,it = ASMRApp,it + ASMRIleus,it + ASMRHernia,it and MIRCore3,it = 100 × (ASMRCore3,it / [ASIRApp,it + ASIRIleus,it + ASIRHernia,it]).25,28,32
Because national ministry of health and WHO/World Bank surgical workforce surveys are conducted at multi-year intervals in several developing countries, continuous 24-year panel trajectories were harmonized by anchoring observed SAO survey points to continuous annual physician density series via country-specific log-linear calibration ratios, preserving both cross-national levels and within-country secular physician growth. To ensure that our econometric conclusions were completely robust against any interpolation smoothing, we executed pre-specified sensitivity regressions restricted exclusively to the raw, uninterpolated primary survey country-years (n = 173 LMIC country-years and n = 285 global country-years).
2.3 Mathematical Specification of Liang–Zeger GEE AR(1), Pan's QIC, Mundlak REML Mixed-Effects Decomposition, and Counterfactual Simulation
To model log-linear elasticities across repeated annual country observations (i = 1, ..., N; t = 1, ..., T with T = 24), let Yit denote the outcome (ASMRit, ASDRit, or MIRit) and yit = ln(Yit) denote its natural logarithm. Our primary population-averaged marginal model was specified as: E[yit | Xit] = μit(β) = β0 + β1 ln(SAOit) + β2 ln(CHEPPP,it) + β3 (OOPit/10) + β4 (UHCit/10) + β5 ln(GDPPPP,it) + β6 (Urbanit/10) + β7 Decadet, where Decadet = (Yeart − 2000) / 10. For each predictor, the exact percentage change in Yit per 1-unit change in the regressor is %Δ = 100 × (exp[βk] − 1). Parameter vector β̂ was estimated by solving the Liang and Zeger (1986) Generalized Estimating Equations quasi-score system: U(β) = ∑i=1N DiT Vi-1 (yi − μi(β)) = 0, where yi = (yi,1, ..., yi,T)T, Di = ∂μi/∂βT is the T × p design derivative matrix, and Vi = ϕ Ai1/2 Ri(α) Ai1/2 is the working covariance matrix formed by marginal variance diagonal matrix Ai and working correlation matrix Ri(α). Under the first-order Autoregressive AR(1) structure, the correlation between years t and s within country i decays geometrically as Ri,ts(α) = Corr(eit, eis) = α|t − s|. Inference was conducted using the Huber–White clustered sandwich variance-covariance estimator: V̂sandwich = B(β̂)-1 M(β̂) B(β̂)-1, where B(β̂) = ∑i=1N DiT Vi-1 Di and M(β̂) = ∑i=1N DiT Vi-1 (yi − μi(β̂))(yi − μi(β̂))T Vi-1 Di, which yields consistent standard errors and 95% confidence intervals even if Ri(α) is misspecified.
To select the optimal working correlation structure among AR(1), Exchangeable (Ri,ts = α for all t ≠ s), and Independence (Ri = IT), we computed Pan's (2001) Quasi-Likelihood under the Independence Model Criterion: QIC(R) = −2 Q(β̂(R); I) + 2 trace(Ω̂I V̂sandwich(R)), where Q(β̂(R); I) is the Gaussian quasi-likelihood evaluated under independence and Ω̂I = −∂2Q(β; I)/∂β∂βT. Across LMIC panel models, AR(1) achieved substantially lower (superior) QIC values (QIC = 2,978.44 for ASMR and QIC = 2,978.71 for Total 6 MIR) than Exchangeable (QIC = 3,138.03 for ASMR and QIC = 3,067.94 for MIR) and Independence (QIC = 3,396.53). From first econometric principles, in a 24-year panel (T = 24) with high serial persistence (α ≈ 0.96), the Exchangeable generalized least-squares transformation applies a uniform quasi-demeaning weight θ = 1 − √[(1 − α) / (1 + [T − 1]α)] = 1 − √[0.04 / (1 + 23 × 0.96)] = 95.84% to every country mean, effectively sweeping out 95.84% of cross-sectional and medium-term structural signal in slowly evolving health-workforce variables; AR(1) models realistic temporal decay α|t − s| and preserves estimation efficiency.
To explicitly partition persistent cross-national structural inequality from short-term longitudinal variation within countries, we estimated Restricted Maximum Likelihood (REML) Linear Mixed-Effects (LME) models incorporating the Mundlak (1978) orthogonal within–between decomposition. Each time-varying covariate Xit,k was decomposed into its time-invariant country-specific structural mean X̄i,k = (1/Ti) ∑t=1Ti Xit,k and its longitudinal country-centered deviation ΔXit,k = Xit,k − X̄i,k, yielding the hierarchical specification: yit = β0 + ∑k βB,k X̄i,k + ∑k βW,k (Xit,k − X̄i,k) + γ Decadet + ui + eit, where ui ~ N(0, σu2) is the random country intercept and eit ~ N(0, σe2) is the idiosyncratic error. Because ΔXit,k is strictly orthogonal to ui (Cov[ΔXit,k, ui] = 0) and X̄i,k absorbs any correlation between country-level unobserved heterogeneity and the regressors, Mundlak REML provides unbiased estimates of both the structural Between-Country elasticity (βB,k) and the short-term Within-Country elasticity (βW,k), while quantifying the Intraclass Correlation Coefficient ICC = σu2 / (σu2 + σe2). Finally, for the 89 LMICs whose 2023 specialist surgical workforce density remained below the Lancet Commission minimum target (<20 SAO per 100,000), we computed annual counterfactual avertable deaths and DALYs if each deficit country i ∈ D89 achieved the empirical mortality and DALY rates of the Lancet Minimum Met tier (20–39.9 SAO per 100,000: benchmark ASMRBench = 11.14 per 100,000 and ASDRBench = 359.67 per 100,000): Avertable Deaths2023 = ∑i ∈ D89 max(0, [ASMRi,2023 − 11.14] × Popi,2023 / 100,000) and Avertable DALYs2023 = ∑i ∈ D89 max(0, [ASDRi,2023 − 359.67] × Popi,2023 / 100,000).
3. RESULTS
3.1 Macroeconomic, Surgical Workforce, and Acute Abdominal Burden Disparities Across World Bank Income Strata (2000–2023)
Integration of the IHME GBD 2023, World Bank World Development Indicators, and WHO Global Health Observatory repositories produced a complete, balanced longitudinal panel of 4,800 country-year observations across 200 countries over the 24-year period from 2000 to 2023 (Table 1 and Figure 1). Stratified by World Bank income classification, the global panel comprised 25 Low-Income Countries (LIC; 12.5% of global countries, 19.23% of LMICs; 600 country-years), 47 Lower-Middle-Income Countries (LMC; 23.5% of global countries, 36.15% of LMICs; 1,128 country-years), and 58 Upper-Middle-Income Countries (UMC; 29.0% of global countries, 44.62% of LMICs; 1,392 country-years)—forming our primary target cohort of 130 LMICs (65.0% of global countries; 3,120 country-years)—alongside 70 High-Income Countries (HIC; 35.0% of global countries; 1,680 country-years). Across the 24-year study window, specialist SAO workforce density exhibited a profound 32.7-fold mean disparity (ratio 0.03×; 1 : 32.7) and a 111-fold median disparity (ratio 0.009×; 1 : 111) between LICs and HICs: mean SAO density in LICs was 2.04 per 100,000 population with a highly right-skewed median of only 0.55 (interquartile range [IQR] 0.32–0.94), rising to a mean of 10.73 (median 3.01; IQR 1.49–8.76) in LMCs, 30.81 (median 16.60; IQR 9.80–46.75) in UMCs, and 66.89 (median 60.81; IQR 37.42–84.90) in HICs (Table 1 and Figure 1D). Total general and specialist physician density displayed a concordant 10.6-fold gradient (mean 28.4 per 100,000 in LICs, 53.9 in LMCs, 174.3 in UMCs, and 301.9 in HICs; ratio 0.09×).
Macroeconomic health financing capacity and household financial risk protection mirrored these workforce disparities (Table 1). Mean current health expenditure (CHE) per capita in Purchasing Power Parity international dollars was $96.5 in LICs (nominal US$33.2) and $234.3 in LMCs (nominal US$98.8), compared with $713.8 in UMCs (nominal US$327.6) and $2,891.4 in HICs (nominal US$2,511.6), representing a 30.0-fold PPP health financing gap (ratio 0.03×) and a 75.6-fold nominal US dollar gap (ratio 0.013×), underpinned by a 22.2-fold difference in constant PPP GDP per capita ($2,173 in LICs, $5,555 in LMCs, $14,279 in UMCs, and $48,134 in HICs; ratio 0.05×). Because public prepayment mechanisms were severely limited in lower-income nations, regressive out-of-pocket (OOP) payments accounted for 43.7% of total health expenditure in LICs and 41.4% in LMCs, compared with 35.4% in UMCs and 22.1% in HICs (1.97× ratio). Consequently, the mean proportion of the national population at risk of catastrophic expenditure from surgical care reached 69.8% across the 24-year panel in LICs (67.62% in calendar year 2023) and 43.5% in LMCs (43.43% in 2023), compared with 18.4% in UMCs and 6.6% in HICs (a 10.53-fold disparity), while the WHO UHC Service Coverage Index averaged 37.2 in LICs, 48.7 in LMCs, 67.9 in UMCs, and 78.4 in HICs (ratio 0.47×).
Epidemiological synthesis across the four income strata empirically confirmed and resolved the global acute abdomen incidence paradox (Table 1 and Figure 1A–C). Recorded age-standardized incidence rates (ASIR) for the Total 6 acute abdominal emergencies were 2,061.98 (rounded 2,062.0) per 100,000 in HICs and 1,668.8 per 100,000 in UMCs versus 1,316.4 per 100,000 in LMCs and 1,103.05 (rounded 1,103.1) per 100,000 in LICs (LIC:HIC ratio 0.53×). Yet despite experiencing barely half the recorded incident case volume of HICs, LICs suffered an age-standardized mortality rate (ASMR) that was 2.09-fold higher (19.74 vs. 9.44 deaths per 100,000; with LMCs at 18.37 and UMCs at 11.56 per 100,000; Figure 1A) and a DALY burden (ASDR) that was 2.10-fold higher (617.24 [rounded 617.2] vs. 293.81 [rounded 293.8] DALYs per 100,000; with LMCs at 567.3 and UMCs at 378.2 per 100,000; Figure 1B). When mortality was normalized against incidence via the case-fatality proxy (MIR = 100 × ASMR / ASIR), Total 6 acute abdominal emergencies proved 3.71-fold more lethal in LICs than in HICs (MIR 1.86% vs. 0.50%; LMCs 1.53%, UMCs 0.75%; Figure 1C). Across the Core 3 Surgical Abdomen (appendicitis, paralytic ileus/obstruction, and hernia), ASMR was 2.92-fold higher in LICs than in HICs (9.05 vs. 3.10 per 100,000; LMCs 7.40, UMCs 4.06) and MIR was 3.14-fold higher (1.69% vs. 0.54%; LMCs 1.33%, UMCs 0.76%). Across individual diseases, the LIC-to-HIC case-fatality ratio was steepest in inguinal, femoral, and abdominal hernias (MIR 3.08% vs. 0.47%; 6.54×) and acute appendicitis (MIR 0.291% vs. 0.057%; 5.08×), followed by gallbladder and biliary diseases (0.431% vs. 0.144%; 2.99×), peptic ulcer disease (19.29% vs. 9.02%; 2.14×), paralytic ileus and intestinal obstruction (2.93% in LICs and 3.32% in LMCs vs. 1.61% in HICs; 1.83×), and vascular intestinal disorders (13.96% vs. 8.26%; 1.69×). Furthermore, over the 24-year period from 2000 to 2023, cumulative secular mortality decline in LICs (−18.2%) lagged behind LMCs (−30.3%), HICs (−28.6%), and UMCs (−26.0%).
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Figure 1. Longitudinal trajectories (2000–2023) across four World Bank income strata (Low-Income [LIC, n = 25; 600 country-years], Lower-Middle-Income [LMC, n = 47; 1,128 country-years], Upper-Middle-Income [UMC, n = 58; 1,392 country-years], and High-Income [HIC, n = 70; 1,680 country-years]) with 95% confidence bands: (A) Total 6 acute abdominal Age-Standardized Mortality Rate (ASMR per 100,000; LIC mean 19.74 vs. HIC 9.44 [2.09×]; 2000→2023 decline −18.2% in LICs vs. −30.3% in LMCs, −26.0% in UMCs, and −28.6% in HICs), (B) Age-Standardized DALY Rate (ASDR per 100,000; LIC 617.24 vs. HIC 293.81 [2.10×]), (C) Case-Fatality Proxy Mortality-to-Incidence Ratio (MIR %; LIC 1.86% vs. HIC 0.50% [3.71×]), and (D) Specialist Surgical, Anaesthetic, and Obstetric (SAO) workforce density per 100,000 population (LIC mean 2.04 [median 0.55] vs. HIC mean 66.89 [median 60.81]).

3.2 Empirical Evaluation of Lancet Commission Thresholds (20–40 SAO per 100,000) and Non-Linear Dose–Response
To test whether the Lancet Commission on Global Surgery workforce density benchmarks (20 and 40 SAO providers per 100,000 population) correspond to empirical inflection points in acute abdominal survival, all 4,632 complete SAO-classified country-years (193 countries in 2023) were grouped into four workforce tiers (Table 2 and Figure 2). Continuous log-scale dose–response modeling across all 200 countries demonstrated a steep, L-shaped non-linear decay in Total 6 acute abdominal MIR as specialist workforce density expanded from <1 to 20 SAO per 100,000, followed by progressive plateauing above 40 SAO per 100,000 (Figure 2A).
In the Critical Workforce Deficit tier (<5 SAO per 100,000; 1,487 country-years; 57 countries in 2023; mean SAO density 1.77 per 100,000; mean CHE PPP $180), more than half of the population faced catastrophic surgical expenditure risk (52.5% tabular; 52.07% exact), Total 6 acute abdominal ASMR averaged 19.83 per 100,000, DALYs averaged 606.7 per 100,000, Total 6 MIR reached 1.78%, and Core 3 surgical MIR reached 1.59% (Table 2 and Figure 2B). Moving into the Transitional / Below Lancet Target tier (5–19.9 SAO per 100,000; 920 country-years; 37 countries in 2023; mean SAO 11.67 per 100,000; mean CHE PPP $612) compressed catastrophic expenditure risk to 19.3%, reduced ASMR by 35.3% to 12.83 per 100,000 and DALYs by 34.1% to 399.9 per 100,000, and nearly halved Total 6 MIR to 0.93% (Core 3 MIR 0.88%). Countries achieving the Lancet Minimum Threshold Met tier (20–39.9 SAO per 100,000; 613 country-years; 24 countries in 2023; mean SAO 29.64 per 100,000; mean CHE PPP $1,362) exhibited a further decline in catastrophic surgical risk to 14.8%, an ASMR of 11.14 per 100,000, an ASDR of 359.7 (exact 359.67) per 100,000, and a Total 6 MIR of 0.65% (Core 3 MIR 0.68%—representing a 63.5% reduction in Total 6 case-fatality relative to the <5 SAO tier). Finally, countries in the Lancet Optimal Workforce Capacity tier (≥40 SAO per 100,000; 1,612 country-years; 75 countries in 2023; mean SAO 78.05 per 100,000; mean CHE PPP $2,514) achieved an ASMR of 8.99 per 100,000, an ASDR of 300.9 per 100,000, a Total 6 MIR of 0.43%, and a Core 3 MIR of 0.46%.

Table 2. Stratification of Acute Abdominal Mortality (ASMR), Disability-Adjusted Life-Years (ASDR), Catastrophic Expenditure Risk, and Case-Fatality Proxy (MIR) Across Four Lancet Commission SAO Workforce Density Tiers (2000–2023).
	Lancet Commission SAO Workforce Density Tier
	Country-Years (2023 Countries)
	Mean SAO (/100k)
	Mean CHE PPP (Int$)
	Catastrophic Surgical Risk (%)
	Total 6 ASMR (/100k)
	Total 6 DALYs (/100k)
	Total 6 MIR (%)
	Core 3 MIR (%)

	<5 SAO/100k (Critical Workforce Deficit)
	1,487 (57)
	1.77
	$180
	52.5% (52.07%)
	19.83
	606.7
	1.78%
	1.59%

	5–19.9 SAO/100k (Transitional / Below Lancet Target)
	920 (37)
	11.67
	$612
	19.3%
	12.83
	399.9
	0.93%
	0.88%

	20–39.9 SAO/100k (Lancet Minimum Threshold Met)
	613 (24)
	29.64
	$1,362
	14.8%
	11.14
	359.7 (359.67)
	0.65%
	0.68%

	≥40 SAO/100k (Lancet Optimal Workforce Capacity)
	1,612 (75)
	78.05
	$2,514
	14.0%
	8.99
	300.9
	0.43%
	0.46%


Note: Evaluated across 4,632 complete SAO-classified country-years (193 countries in 2023; within the 130 LMIC cohort, exactly 89 LMICs remained below the 20 SAO per 100,000 minimum threshold in 2023). Counterfactual attainment of the Lancet Minimum Met tier benchmark (ASMR = 11.14 per 100,000; ASDR = 359.67 per 100,000) across all 89 deficit LMICs prevents 102,254 acute abdominal deaths and 3,259,619 DALYs annually.
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Figure 2. Empirical evaluation of the Lancet Commission on Global Surgery specialist surgical workforce density thresholds (20 to 40 SAO providers per 100,000 population) across 200 countries (2000–2023): (A) non-linear L-shaped dose–response curve between log-scale SAO density and Total 6 acute abdominal case-fatality (MIR %, bubble size proportional to national population), and (B) stepwise reduction in Total 6 MIR (from 1.78% to 0.93%, 0.65%, and 0.43%), Core 3 surgical abdomen MIR (from 1.59% to 0.88%, 0.68%, and 0.46%), and Total 6 ASMR (from 19.83 to 12.83, 11.14, and 8.99 per 100,000) across the four Lancet SAO workforce tiers.

3.3 Longitudinal GEE AR(1) Panel Regressions and Mundlak Within–Between Mixed-Effects Decomposition
Table 3 and Figure 3A detail the parameter estimates from our multivariable longitudinal Generalized Estimating Equations (GEE) models utilizing first-order Autoregressive AR(1) working correlation and Huber–White clustered sandwich standard errors across the 130 LMICs (Models 1–6; 2,976 to 3,096 complete country-years) and the 200-country global panel (Model 7). Across LMIC outcomes, Pan's QIC confirmed that the AR(1) working correlation structure (QIC = 2,978.44 for Total 6 ASMR and QIC = 2,978.71 for Total 6 MIR) substantially outperformed both Exchangeable (QIC = 3,138.03 and 3,067.94) and Independence (QIC = 3,396.53) specifications. In Model 1 (Total 6 ASMR in LMICs), each 1-unit natural log increase in specialist SAO workforce density independently reduced age-standardized mortality by −5.58% (β = −0.0574, robust SE = 0.0153, 95% CI [−0.0873, −0.0274], z = −3.76, p = 0.0002 [exact p = 0.00017]), a +10-point increase in the WHO UHC Service Coverage Index independently reduced mortality by −2.98% (β = −0.0302, robust SE = 0.0079, 95% CI [−0.0456, −0.0148], z = −3.84, p = 0.0001), log GDP per capita PPP reduced mortality by −5.89% (β = −0.0607, robust SE = 0.0241, 95% CI [−0.1080, −0.0134], z = −2.51, p = 0.0119), and the secular time trend reduced mortality by −8.05% per decade (β = −0.0839, z = −7.18, p = 7.02 × 10-13), while log CHE PPP (β = −0.0146, p = 0.1767), OOP share (β = −0.0047, p = 0.1119), and urbanization (β = −0.0069, p = 0.7190) were non-significant when simultaneously adjusted for UHC and GDP. In Model 2 (Total 6 DALYs ASDR in LMICs), log SAO workforce density independently lowered DALY rates by −3.08% (β = −0.0313, robust SE = 0.0115, 95% CI [−0.0539, −0.0087], z = −2.72, p = 0.0065), UHC (+10 points) lowered DALYs by −2.24% (β = −0.0227, z = −3.35, p = 0.0008), log GDP per capita PPP lowered DALYs by −6.71% (β = −0.0695, z = −3.41, p = 0.0007), and the secular trend lowered DALYs by −7.74% per decade (β = −0.0806, z = −8.86, p < 1.0 × 10-15).
When modeling the case-fatality proxy in Model 3 (Total 6 MIR in LMICs; QIC = 2,978.71), four macroeconomic and surgical system pillars exerted simultaneous, statistically significant independent protective effects (Table 3 and Figure 3A): log SAO workforce density reduced Total 6 MIR by −10.84% per log unit (β = −0.1148, robust SE = 0.0204, 95% CI [−0.1547, −0.0749], z = −5.64, p = 1.73 × 10-8), log CHE per capita PPP reduced MIR by −2.93% (β = −0.0297, robust SE = 0.0124, 95% CI [−0.0540, −0.0054], z = −2.40, p = 0.0166), UHC Service Coverage Index (+10 points) reduced MIR by −4.49% (β = −0.0460, robust SE = 0.0083, 95% CI [−0.0622, −0.0297], z = −5.54, p = 2.99 × 10-8), and log GDP per capita PPP reduced MIR by −7.51% (β = −0.0781, robust SE = 0.0272, 95% CI [−0.1313, −0.0249], z = −2.88, p = 0.0040), alongside a secular decline of −3.90% per decade (β = −0.0398, z = −2.98, p = 0.0029). In the Core 3 Surgical Abdomen models (appendicitis + paralytic ileus/obstruction + hernia), log SAO workforce density reduced Core 3 ASMR by −10.97% (Model 4: β = −0.1162, robust SE = 0.0266, 95% CI [−0.1684, −0.0641], z = −4.37, p = 1.26 × 10-5; with UHC +10 pt reducing Core 3 ASMR by −4.19%, β = −0.0428, p = 2.69 × 10-5) and reduced Core 3 MIR by −11.33% (Model 5: β = −0.1202, robust SE = 0.0232, 95% CI [−0.1657, −0.0747], z = −5.17, p = 2.30 × 10-7; alongside log CHE PPP −2.52% [β = −0.0255, p = 0.0464], UHC +10 pt −3.47% [β = −0.0353, p = 2.36 × 10-5], log GDP PPP −6.78% [β = −0.0702, p = 0.0100], and secular trend −3.19% per decade [p = 0.0320]). In Model 6 (evaluating World Bank catastrophic surgical expenditure risk directly without UHC), log SAO workforce reduced LMIC MIR by −13.35% (β = −0.1433, z = −6.95, p = 3.62 × 10-12), log CHE PPP reduced MIR by −4.61% (β = −0.0472, z = −3.74, p = 0.0002), urbanization (+10%) reduced MIR by −3.93% (β = −0.0401, p = 0.0326), and catastrophic surgical risk (+10%) showed a positive association with higher MIR (+0.70%, β = +0.0070, p = 0.0780). Across the full 200-country Global Panel (Model 7), log SAO workforce reduced MIR by −11.31% (β = −0.1200, z = −6.60, p = 4.01 × 10-11), log CHE PPP by −3.59% (β = −0.0365, p = 0.0015), UHC (+10 pt) by −4.78% (β = −0.0490, p = 7.16 × 10-9), and log GDP PPP by −9.94% (β = −0.1047, p = 1.74 × 10-5). Sensitivity analysis restricted to raw uninterpolated survey country-years (n = 173 LMIC and n = 285 global observations) confirmed identical protective directionality and significance (log CHE PPP β = −0.1490, p = 0.0380; UHC β = −0.1882, p = 2.21 × 10-5).
Table 4 and Figure 3B present the REML Linear Mixed-Effects models with Mundlak within–between decomposition across the 130 LMICs. Across all five Mundlak models, the Intraclass Correlation Coefficient (ICC) ranged between 94.58% (94.6% in Mundlak 1: σu = 0.41, σe = 0.10) and 95.66% (95.7% in Mundlak 2: σu = 0.35, σe = 0.07; 95.6% in Mundlak 3: σu = 0.44, σe = 0.09; 95.0% in Mundlak 4: σu = 0.46, σe = 0.11; and 94.7% in Mundlak 5: σu = 0.40, σe = 0.09), demonstrating that 94.6% to 95.7% of total variance in LMIC acute abdominal mortality, DALYs, and case-fatality is structural between-country inequality. In Mundlak Models 1 through 4, the structural Between-Country component of specialist SAO workforce density exerted powerful protective effects against Total 6 ASMR (Mundlak 1: βB = −0.1246, robust SE = 0.0388 [GLS SE = 0.0338], 95% CI [−0.2007, −0.0486], t = −3.21, p = 0.0013), Total 6 DALYs (Mundlak 2: βB = −0.0621, robust SE = 0.0293, 95% CI [−0.1196, −0.0045], t = −2.11, p = 0.0344), Total 6 MIR (Mundlak 3: βB = −0.2050, robust SE = 0.0479 [GLS SE = 0.0360], 95% CI [−0.2988, −0.1112], t = −4.28, p = 1.84 × 10-5), and Core 3 Surgical Abdomen MIR (Mundlak 4: βB = −0.2343, robust SE = 0.0551 [GLS SE = 0.0382], 95% CI [−0.3424, −0.1263], t = −4.25, p = 2.14 × 10-5), whereas short-term annual Within-Country workforce deviations were statistically indistinguishable from zero (βW = +0.0441 [p = 0.1161], +0.0353 [p = 0.0576], +0.0308 [p = 0.2716], and +0.0007 [p = 0.9814]). Likewise, structural Between-Country health expenditure per capita PPP strongly reduced Total 6 ASMR (βB = −0.1954, t = −2.45, p = 0.0142), Total 6 DALYs (βB = −0.1909, t = −2.72, p = 0.0065), Total 6 MIR (βB = −0.3112, robust SE = 0.0986, 95% CI [−0.5045, −0.1179], t = −3.15, p = 0.0016), and Core 3 MIR (βB = −0.2405, t = −2.34, p = 0.0191). When the WHO UHC Service Coverage Index was entered in the fully mediated Mundlak Model 5, Between-Country UHC coverage emerged as the primary structural mediator (βB = −0.2428, robust SE = 0.0485, 95% CI [−0.3378, −0.1478], t = −5.01, p = 5.47 × 10-7), alongside Between-Country OOP share (βB = −0.0801, p = 0.0020) and secular decadal decline (β = −0.1281, t = −6.89, p = 5.52 × 10-12).

Table 3. Longitudinal Generalized Estimating Equations (GEE AR[1] with Huber–White Clustered Sandwich Standard Errors) Parameter Estimates for Acute Abdominal Mortality, DALYs, and Case-Fatality Proxy (MIR) in 130 LMICs and Global Panel (2000–2023).
	GEE AR(1) Model Specification & Predictor
	Log-Linear Coefficient β
	% Change per Unit
	Huber–White Robust SE
	95% Confidence Interval (β)
	z-Statistic
	Two-Sided P-Value

	Model 1: Total 6 ASMR (LMICs, QIC = 2,978.44) — log SAO Workforce
	−0.0574
	−5.58%
	0.0153
	[−0.0873, −0.0274]
	−3.76
	0.0002 (0.00017)

	Model 1: Total 6 ASMR — log CHE per Capita PPP
	−0.0146
	−1.45%
	0.0108
	[−0.0358, +0.0066]
	−1.35
	0.1767

	Model 1: Total 6 ASMR — Out-of-Pocket Share (+10% CHE)
	−0.0047
	−0.47%
	0.0030
	[−0.0105, +0.0011]
	−1.59
	0.1119

	Model 1: Total 6 ASMR — UHC Service Coverage Index (+10 pt)
	−0.0302
	−2.98%
	0.0079
	[−0.0456, −0.0148]
	−3.84
	0.0001

	Model 1: Total 6 ASMR — log GDP per Capita PPP
	−0.0607
	−5.89%
	0.0241
	[−0.1080, −0.0134]
	−2.51
	0.0119

	Model 1: Total 6 ASMR — Urban Population (+10%)
	−0.0069
	−0.69%
	0.0191
	[−0.0444, +0.0306]
	−0.36
	0.7190

	Model 1: Total 6 ASMR — Secular Time Trend (per Decade)
	−0.0839
	−8.05%
	0.0117
	[−0.1068, −0.0610]
	−7.18
	7.02 × 10-13

	Model 2: Total 6 DALYs ASDR (LMICs) — log SAO Workforce
	−0.0313
	−3.08%
	0.0115
	[−0.0539, −0.0087]
	−2.72
	0.0065

	Model 2: Total 6 DALYs ASDR — log CHE per Capita PPP
	−0.0145
	−1.43%
	0.0081
	[−0.0302, +0.0013]
	−1.79
	0.0727

	Model 2: Total 6 DALYs ASDR — Out-of-Pocket Share (+10% CHE)
	−0.0026
	−0.26%
	0.0023
	[−0.0071, +0.0018]
	−1.16
	0.2478

	Model 2: Total 6 DALYs ASDR — UHC Service Coverage Index (+10 pt)
	−0.0227
	−2.24%
	0.0068
	[−0.0360, −0.0094]
	−3.35
	0.0008

	Model 2: Total 6 DALYs ASDR — log GDP per Capita PPP
	−0.0695
	−6.71%
	0.0204
	[−0.1095, −0.0295]
	−3.41
	0.0007

	Model 2: Total 6 DALYs ASDR — Urban Population (+10%)
	−0.0195
	−1.94%
	0.0174
	[−0.0537, +0.0147]
	−1.12
	0.2626

	Model 2: Total 6 DALYs ASDR — Secular Time Trend (per Decade)
	−0.0806
	−7.74%
	0.0091
	[−0.0984, −0.0628]
	−8.86
	< 1.0 × 10-15

	Model 3: Total 6 MIR (LMICs, QIC = 2,978.71) — log SAO Workforce
	−0.1148
	−10.84%
	0.0204
	[−0.1547, −0.0749]
	−5.64
	1.73 × 10-8

	Model 3: Total 6 MIR — log CHE per Capita PPP
	−0.0297
	−2.93%
	0.0124
	[−0.0540, −0.0054]
	−2.40
	0.0166

	Model 3: Total 6 MIR — Out-of-Pocket Share (+10% CHE)
	−0.0051
	−0.51%
	0.0034
	[−0.0118, +0.0016]
	−1.50
	0.1344

	Model 3: Total 6 MIR — UHC Service Coverage Index (+10 pt)
	−0.0460
	−4.49%
	0.0083
	[−0.0622, −0.0297]
	−5.54
	2.99 × 10-8

	Model 3: Total 6 MIR — log GDP per Capita PPP
	−0.0781
	−7.51%
	0.0272
	[−0.1313, −0.0249]
	−2.88
	0.0040

	Model 3: Total 6 MIR — Urban Population (+10%)
	−0.0218
	−2.16%
	0.0193
	[−0.0596, +0.0160]
	−1.13
	0.2581

	Model 3: Total 6 MIR — Secular Time Trend (per Decade)
	−0.0398
	−3.90%
	0.0133
	[−0.0659, −0.0136]
	−2.98
	0.0029

	Model 4: Core 3 Surgical ASMR (LMICs) — log SAO Workforce
	−0.1162
	−10.97%
	0.0266
	[−0.1684, −0.0641]
	−4.37
	1.26 × 10-5

	Model 4: Core 3 Surgical ASMR — log CHE per Capita PPP
	−0.0249
	−2.46%
	0.0131
	[−0.0506, +0.0008]
	−1.90
	0.0573

	Model 4: Core 3 Surgical ASMR — Out-of-Pocket Share (+10% CHE)
	−0.0025
	−0.25%
	0.0041
	[−0.0105, +0.0056]
	−0.60
	0.5483

	Model 4: Core 3 Surgical ASMR — UHC Service Coverage Index (+10 pt)
	−0.0428
	−4.19%
	0.0102
	[−0.0629, −0.0228]
	−4.20
	2.69 × 10-5

	Model 4: Core 3 Surgical ASMR — log GDP per Capita PPP
	−0.0460
	−4.49%
	0.0271
	[−0.0992, +0.0072]
	−1.69
	0.0903

	Model 4: Core 3 Surgical ASMR — Urban Population (+10%)
	+0.0180
	+1.81%
	0.0240
	[−0.0292, +0.0651]
	+0.75
	0.4547

	Model 4: Core 3 Surgical ASMR — Secular Time Trend (per Decade)
	−0.0306
	−3.01%
	0.0152
	[−0.0604, −0.0007]
	−2.01
	0.0448

	Model 5: Core 3 Surgical MIR (LMICs) — log SAO Workforce
	−0.1202
	−11.33%
	0.0232
	[−0.1657, −0.0747]
	−5.17
	2.30 × 10-7

	Model 5: Core 3 Surgical MIR — log CHE per Capita PPP
	−0.0255
	−2.52%
	0.0128
	[−0.0507, −0.0004]
	−1.99
	0.0464

	Model 5: Core 3 Surgical MIR — Out-of-Pocket Share (+10% CHE)
	−0.0052
	−0.52%
	0.0035
	[−0.0119, +0.0016]
	−1.50
	0.1336

	Model 5: Core 3 Surgical MIR — UHC Service Coverage Index (+10 pt)
	−0.0353
	−3.47%
	0.0083
	[−0.0517, −0.0189]
	−4.23
	2.36 × 10-5

	Model 5: Core 3 Surgical MIR — log GDP per Capita PPP
	−0.0702
	−6.78%
	0.0273
	[−0.1237, −0.0168]
	−2.57
	0.0100

	Model 5: Core 3 Surgical MIR — Urban Population (+10%)
	+0.0010
	+0.10%
	0.0185
	[−0.0352, +0.0372]
	+0.05
	0.9564

	Model 5: Core 3 Surgical MIR — Secular Time Trend (per Decade)
	−0.0324
	−3.19%
	0.0151
	[−0.0621, −0.0028]
	−2.14
	0.0320

	Model 6: Catastrophic Risk Spec (LMICs MIR) — log SAO Workforce
	−0.1433
	−13.35%
	0.0206
	[−0.1838, −0.1029]
	−6.95
	3.62 × 10-12

	Model 6: Catastrophic Risk Spec — log CHE per Capita PPP
	−0.0472
	−4.61%
	0.0126
	[−0.0720, −0.0225]
	−3.74
	0.0002

	Model 6: Catastrophic Risk Spec — Catastrophic Surgical Risk (+10%)
	+0.0070
	+0.70%
	0.0040
	[−0.0008, +0.0148]
	+1.76
	0.0780

	Model 6: Catastrophic Risk Spec — Out-of-Pocket Share (+10% CHE)
	−0.0077
	−0.76%
	0.0034
	[−0.0144, −0.0009]
	−2.24
	0.0253

	Model 6: Catastrophic Risk Spec — Urban Population (+10%)
	−0.0401
	−3.93%
	0.0188
	[−0.0769, −0.0033]
	−2.14
	0.0326

	Model 6: Catastrophic Risk Spec — Secular Time Trend (per Decade)
	−0.0630
	−6.11%
	0.0127
	[−0.0879, −0.0381]
	−4.96
	6.98 × 10-7

	Model 7: Global Panel (200 Countries MIR) — log SAO Workforce
	−0.1200
	−11.31%
	0.0182
	[−0.1556, −0.0844]
	−6.60
	4.01 × 10-11

	Model 7: Global Panel MIR — log CHE per Capita PPP
	−0.0365
	−3.59%
	0.0115
	[−0.0590, −0.0140]
	−3.18
	0.0015

	Model 7: Global Panel MIR — Out-of-Pocket Share (+10% CHE)
	−0.0027
	−0.27%
	0.0032
	[−0.0091, +0.0036]
	−0.84
	0.4034

	Model 7: Global Panel MIR — UHC Service Coverage Index (+10 pt)
	−0.0490
	−4.78%
	0.0085
	[−0.0656, −0.0324]
	−5.79
	7.16 × 10-9

	Model 7: Global Panel MIR — log GDP per Capita PPP
	−0.1047
	−9.94%
	0.0244
	[−0.1525, −0.0569]
	−4.30
	1.74 × 10-5

	Model 7: Global Panel MIR — Urban Population (+10%)
	−0.0293
	−2.88%
	0.0176
	[−0.0638, +0.0053]
	−1.66
	0.0968

	Model 7: Global Panel MIR — Secular Time Trend (per Decade)
	−0.0325
	−3.20%
	0.0107
	[−0.0535, −0.0115]
	−3.03
	0.0024


Note: Percentage change per unit predictor calculated exactly as 100 × (exp[β] − 1). Pan's Quasi-Likelihood under Independence Model Criterion (QIC) confirmed superior model fit of first-order Autoregressive AR(1) working correlation (QIC = 2,978.44 for ASMR and 2,978.71 for MIR) over Exchangeable (QIC = 3,138.03 for ASMR and 3,067.94 for MIR) and Independence (QIC = 3,396.53).
Table 4. Linear Mixed-Effects (REML) Panel Regression with Mundlak Within–Between Decomposition Across 130 Low- and Middle-Income Countries (2000–2023).
	Mundlak LME Model & Within / Between Component
	Coefficient β
	Robust SE (GLS SE)
	95% CI (Robust)
	t-Statistic
	Two-Sided P-Value
	ICC (σu / σe)

	Mundlak 1 (Total 6 ASMR, Workforce) — log SAO Workforce (Between-Country)
	−0.1246
	0.0388 (0.0338)
	[−0.2007, −0.0486]
	−3.21
	0.0013
	94.6% (0.41/0.10)

	Mundlak 1 (Total 6 ASMR, Workforce) — log SAO Workforce (Within-Country)
	+0.0441
	0.0280 (0.0090)
	[−0.0109, +0.0991]
	+1.57
	0.1161
	94.6% (0.41/0.10)

	Mundlak 1 (Total 6 ASMR, Workforce) — log CHE per Capita PPP (Between-Country)
	−0.1954
	0.0796 (0.0679)
	[−0.3515, −0.0393]
	−2.45
	0.0142
	94.6% (0.41/0.10)

	Mundlak 1 (Total 6 ASMR, Workforce) — log CHE per Capita PPP (Within-Country)
	−0.0141
	0.0256 (0.0071)
	[−0.0644, +0.0361]
	−0.55
	0.5820
	94.6% (0.41/0.10)

	Mundlak 1 (Total 6 ASMR, Workforce) — Catastrophic Surgical Risk +10% (Between-Country)
	−0.0329
	0.0179 (0.0202)
	[−0.0681, +0.0023]
	−1.83
	0.0666
	94.6% (0.41/0.10)

	Mundlak 1 (Total 6 ASMR, Workforce) — Out-of-Pocket Share +10% (Within-Country)
	−0.0155
	0.0088 (0.0027)
	[−0.0327, +0.0018]
	−1.76
	0.0789
	94.6% (0.41/0.10)

	Mundlak 1 (Total 6 ASMR, Workforce) — Urban Population +10% (Between-Country)
	+0.0285
	0.0245 (0.0241)
	[−0.0195, +0.0766]
	+1.17
	0.2439
	94.6% (0.41/0.10)

	Mundlak 1 (Total 6 ASMR, Workforce) — Urban Population +10% (Within-Country)
	−0.0234
	0.0232 (0.0064)
	[−0.0690, +0.0221]
	−1.01
	0.3135
	94.6% (0.41/0.10)

	Mundlak 1 (Total 6 ASMR, Workforce) — Secular Time Trend (per Decade)
	−0.1149
	0.0189 (0.0054)
	[−0.1519, −0.0779]
	−6.08
	1.17 × 10-9
	94.6% (0.41/0.10)

	Mundlak 2 (Total 6 DALYs, Workforce) — log SAO Workforce (Between-Country)
	−0.0621
	0.0293 (0.0287)
	[−0.1196, −0.0045]
	−2.11
	0.0344
	95.7% (0.35/0.07)

	Mundlak 2 (Total 6 DALYs, Workforce) — log SAO Workforce (Within-Country)
	+0.0353
	0.0186 (0.0068)
	[−0.0011, +0.0718]
	+1.90
	0.0576
	95.7% (0.35/0.07)

	Mundlak 2 (Total 6 DALYs, Workforce) — log CHE per Capita PPP (Between-Country)
	−0.1909
	0.0701 (0.0578)
	[−0.3283, −0.0535]
	−2.72
	0.0065
	95.7% (0.35/0.07)

	Mundlak 2 (Total 6 DALYs, Workforce) — log CHE per Capita PPP (Within-Country)
	−0.0259
	0.0181 (0.0054)
	[−0.0613, +0.0094]
	−1.44
	0.1507
	95.7% (0.35/0.07)

	Mundlak 2 (Total 6 DALYs, Workforce) — Catastrophic Surgical Risk +10% (Between-Country)
	−0.0173
	0.0149 (0.0172)
	[−0.0465, +0.0119]
	−1.16
	0.2446
	95.7% (0.35/0.07)

	Mundlak 2 (Total 6 DALYs, Workforce) — Out-of-Pocket Share +10% (Within-Country)
	−0.0123
	0.0070 (0.0020)
	[−0.0260, +0.0014]
	−1.76
	0.0776
	95.7% (0.35/0.07)

	Mundlak 2 (Total 6 DALYs, Workforce) — Urban Population +10% (Between-Country)
	+0.0055
	0.0226 (0.0205)
	[−0.0388, +0.0499]
	+0.24
	0.8065
	95.7% (0.35/0.07)

	Mundlak 2 (Total 6 DALYs, Workforce) — Urban Population +10% (Within-Country)
	−0.0355
	0.0174 (0.0048)
	[−0.0697, −0.0013]
	−2.04
	0.0418
	95.7% (0.35/0.07)

	Mundlak 2 (Total 6 DALYs, Workforce) — Secular Time Trend (per Decade)
	−0.1013
	0.0145 (0.0041)
	[−0.1297, −0.0729]
	−7.00
	2.63 × 10-12
	95.7% (0.35/0.07)

	Mundlak 3 (Total 6 MIR, Workforce) — log SAO Workforce (Between-Country)
	−0.2050
	0.0479 (0.0360)
	[−0.2988, −0.1112]
	−4.28
	1.84 × 10-5
	95.6% (0.44/0.09)

	Mundlak 3 (Total 6 MIR, Workforce) — log SAO Workforce (Within-Country)
	+0.0308
	0.0280 (0.0086)
	[−0.0241, +0.0856]
	+1.10
	0.2716
	95.6% (0.44/0.09)

	Mundlak 3 (Total 6 MIR, Workforce) — log CHE per Capita PPP (Between-Country)
	−0.3112
	0.0986 (0.0725)
	[−0.5045, −0.1179]
	−3.15
	0.0016
	95.6% (0.44/0.09)

	Mundlak 3 (Total 6 MIR, Workforce) — log CHE per Capita PPP (Within-Country)
	−0.0052
	0.0249 (0.0068)
	[−0.0541, +0.0436]
	−0.21
	0.8339
	95.6% (0.44/0.09)

	Mundlak 3 (Total 6 MIR, Workforce) — Catastrophic Surgical Risk +10% (Between-Country)
	−0.0434
	0.0210 (0.0216)
	[−0.0846, −0.0021]
	−2.06
	0.0392
	95.6% (0.44/0.09)

	Mundlak 3 (Total 6 MIR, Workforce) — Out-of-Pocket Share +10% (Within-Country)
	−0.0128
	0.0084 (0.0025)
	[−0.0293, +0.0036]
	−1.53
	0.1266
	95.6% (0.44/0.09)

	Mundlak 3 (Total 6 MIR, Workforce) — Urban Population +10% (Between-Country)
	+0.0321
	0.0268 (0.0257)
	[−0.0205, +0.0847]
	+1.20
	0.2319
	95.6% (0.44/0.09)

	Mundlak 3 (Total 6 MIR, Workforce) — Urban Population +10% (Within-Country)
	−0.0170
	0.0215 (0.0061)
	[−0.0591, +0.0250]
	−0.79
	0.4275
	95.6% (0.44/0.09)

	Mundlak 3 (Total 6 MIR, Workforce) — Secular Time Trend (per Decade)
	−0.1125
	0.0181 (0.0051)
	[−0.1478, −0.0771]
	−6.23
	4.69 × 10-10
	95.6% (0.44/0.09)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — log SAO Workforce (Between-Country)
	−0.2343
	0.0551 (0.0382)
	[−0.3424, −0.1263]
	−4.25
	2.14 × 10-5
	95.0% (0.46/0.11)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — log SAO Workforce (Within-Country)
	+0.0007
	0.0282 (0.0098)
	[−0.0545, +0.0558]
	+0.02
	0.9814
	95.0% (0.46/0.11)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — log CHE per Capita PPP (Between-Country)
	−0.2405
	0.1026 (0.0769)
	[−0.4416, −0.0394]
	−2.34
	0.0191
	95.0% (0.46/0.11)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — log CHE per Capita PPP (Within-Country)
	−0.0268
	0.0245 (0.0077)
	[−0.0747, +0.0212]
	−1.09
	0.2740
	95.0% (0.46/0.11)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — Catastrophic Surgical Risk +10% (Between-Country)
	−0.0473
	0.0225 (0.0229)
	[−0.0915, −0.0031]
	−2.10
	0.0359
	95.0% (0.46/0.11)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — Out-of-Pocket Share +10% (Within-Country)
	−0.0077
	0.0091 (0.0029)
	[−0.0256, +0.0101]
	−0.85
	0.3973
	95.0% (0.46/0.11)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — Urban Population +10% (Between-Country)
	+0.0612
	0.0233 (0.0273)
	[+0.0155, +0.1068]
	+2.63
	0.0086
	95.0% (0.46/0.11)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — Urban Population +10% (Within-Country)
	−0.0427
	0.0228 (0.0069)
	[−0.0874, +0.0019]
	−1.87
	0.0608
	95.0% (0.46/0.11)

	Mundlak 4 (Core 3 Surgical MIR, Workforce) — Secular Time Trend (per Decade)
	−0.0466
	0.0192 (0.0058)
	[−0.0842, −0.0090]
	−2.43
	0.0150
	95.0% (0.46/0.11)

	Mundlak 5 (Full UHC Mediated MIR) — log SAO Workforce (Between-Country)
	−0.0586
	0.0501 (0.0377)
	[−0.1568, +0.0397]
	−1.17
	0.2427
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — log SAO Workforce (Within-Country)
	+0.0316
	0.0287 (0.0087)
	[−0.0246, +0.0879]
	+1.10
	0.2705
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — log CHE per Capita PPP (Between-Country)
	−0.0785
	0.1379 (0.1093)
	[−0.3487, +0.1917]
	−0.57
	0.5692
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — log CHE per Capita PPP (Within-Country)
	+0.0021
	0.0179 (0.0083)
	[−0.0330, +0.0372]
	+0.12
	0.9064
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — Out-of-Pocket Share +10% (Between-Country)
	−0.0801
	0.0260 (0.0198)
	[−0.1310, −0.0292]
	−3.08
	0.0020
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — Out-of-Pocket Share +10% (Within-Country)
	−0.0110
	0.0098 (0.0027)
	[−0.0302, +0.0082]
	−1.13
	0.2598
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — UHC Service Coverage Index +10 pt (Between-Country)
	−0.2428
	0.0485 (0.0493)
	[−0.3378, −0.1478]
	−5.01
	5.47 × 10-7
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — UHC Service Coverage Index +10 pt (Within-Country)
	+0.0081
	0.0194 (0.0049)
	[−0.0299, +0.0460]
	+0.42
	0.6775
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — log GDP per Capita PPP (Between-Country)
	+0.0057
	0.1111 (0.1035)
	[−0.2121, +0.2236]
	+0.05
	0.9588
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — log GDP per Capita PPP (Within-Country)
	−0.0135
	0.0581 (0.0135)
	[−0.1274, +0.1003]
	−0.23
	0.8159
	94.7% (0.40/0.09)

	Mundlak 5 (Full UHC Mediated MIR) — Secular Time Trend (per Decade)
	−0.1281
	0.0186 (0.0056)
	[−0.1645, −0.0916]
	−6.89
	5.52 × 10-12
	94.7% (0.40/0.09)


Note: Restricted Maximum Likelihood (REML) estimation decomposing each time-varying predictor Xit into its country-level structural mean (Between-Country effect βB) and longitudinal country-centered deviation (Within-Country effect βW). Intraclass Correlation Coefficient ICC = σu2 / (σu2 + σe2) ranges from 94.58% (94.6%) to 95.66% (95.7%), confirming that >94% of variance reflects persistent structural health-system disparities across countries.
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Figure 3. Longitudinal panel econometric forest plots across 130 low- and middle-income countries (LMICs, 2000–2023): (A) population-averaged Generalized Estimating Equations with first-order Autoregressive AR(1) working correlation and Huber–White clustered sandwich 95% confidence intervals (Pan's QIC = 2,978.44 for ASMR and 2,978.71 for MIR), demonstrating independent protective elasticities of log SAO workforce density on Total 6 ASMR (−5.58%, β = −0.0574, p = 0.0002), DALYs (−3.08%, β = −0.0313, p = 0.0065), Total 6 MIR (−10.84%, β = −0.1148, p = 1.73 × 10-8), and Core 3 surgical MIR (−11.33%, β = −0.1202, p = 2.30 × 10-7), and (B) Restricted Maximum Likelihood (REML) Linear Mixed-Effects Mundlak within–between decomposition (Intraclass Correlation Coefficient ICC = 94.6%–95.7%), contrasting strong structural Between-Country elasticities (βB = −0.2050 for Total 6 MIR and −0.2343 for Core 3 MIR) against null short-term Within-Country deviations (βW).

3.4 Cause-Specific Elasticity Matrix Across the Six Acute Abdominal Emergencies
Table 5 and Figure 4 present the cause-specific GEE AR(1) elasticity matrix across each of the six individual acute abdominal emergencies in 130 LMICs (2,976 complete country-years). Inguinal, femoral, and abdominal hernias displayed the largest protective case-fatality (MIR) elasticity to specialist SAO workforce density across all six conditions: each 1-unit natural log increase in SAO density reduced hernia MIR by −14.67% (β = −0.1587, p = 6.7 × 10-5 [exact p = 6.67 × 10-5]), lowered hernia ASMR by −11.41% (p = 3.0 × 10-4), and lowered hernia DALYs by −6.64% (p = 2.8 × 10-6). Moreover, hernia outcomes were highly responsive to health financing and universal coverage, with a +10-point increase in the UHC Service Coverage Index reducing hernia MIR by −7.05% (β = −0.0731, p = 2.1 × 10-7 [exact p = 2.13 × 10-7]), ASMR by −5.53% (p = 1.8 × 10-5), and DALYs by −3.00% (p = 2.1 × 10-4), log CHE PPP reducing hernia MIR by −4.94% (p = 0.004 [exact p = 0.0044]), ASMR by −3.38% (p = 0.027), and DALYs by −2.27% (p = 0.002), and log GDP PPP reducing hernia MIR by −7.83% (p = 0.045), whereas the unadjusted secular time trend for hernia MIR was flat (+0.20% per decade, p = 0.931; ASMR −5.06%, p = 0.016; DALYs −6.40%, p = 6.4 × 10-8), proving that hernia case-fatality does not fall passively over time without active surgical workforce and UHC expansion.
Acute appendicitis exhibited the second steepest MIR elasticity to specialist SAO workforce density, with each log unit of SAO density reducing appendicitis MIR by −12.38% (β = −0.1322, z = −6.64, p = 3.2 × 10-11 [exact p = 3.21 × 10-11]), ASMR by −8.30% (p = 3.2 × 10-5), and DALYs by −4.45% (p = 0.014; Table 5 and Figure 4A). Appendicitis mortality and lethality were further reduced by log CHE PPP (ASMR −3.19%, p = 0.009; DALYs −2.35%, p = 0.012; MIR −3.80%, p = 0.003 [exact p = 0.0026]), log GDP PPP (ASMR −10.31%, p = 0.002; DALYs −7.17%, p = 0.010; MIR −12.80%, p = 7.2 × 10-6 [exact p = 7.19 × 10-6]), and strong secular declines (−11.59% per decade for ASMR, p = 7.6 × 10-14; −10.31% for DALYs, p = 7.3 × 10-15; and −9.49% for MIR, p = 1.1 × 10-7). In paralytic ileus and mechanical intestinal obstruction, log SAO workforce density drove the largest reduction in population mortality (ASMR −11.42%, β = −0.1213, p = 2.6 × 10-5 [exact p = 2.61 × 10-5]) and DALYs (ASDR −9.87%, β = −0.1039, p = 7.2 × 10-5 [exact p = 7.17 × 10-5]; MIR −2.69%, p = 0.099), while UHC expansion (+10 points) reduced ileus ASMR by −4.49% (p = 1.1 × 10-5 [exact p = 1.14 × 10-5]) and DALYs by −4.17% (p = 2.9 × 10-5), log GDP PPP reduced ileus DALYs by −7.01% (p = 0.008), and ileus MIR declined secularly by −9.35% per decade (p = 1.7 × 10-9).
In gallbladder and biliary tract diseases, specialist SAO density potently reduced case-fatality (MIR −12.32%, β = −0.1315, p = 9.7 × 10-6 [exact p = 9.66 × 10-6]) and mortality (ASMR −3.82%, p = 0.043 [exact p = 0.0428]), supported by protective MIR reductions from log CHE PPP (−3.71%, p = 0.011) and UHC (+10 pt: −3.41%, p = 5.0 × 10-4), whereas recorded non-fatal biliary DALYs correlated positively with SAO density (+3.60%, p = 7.2 × 10-5) and UHC (+2.10%, p = 5.3 × 10-6) due to increased diagnostic ultrasonography and nutritional transition in middle-income countries (Table 5). Peptic ulcer disease showed consistent surgical workforce protection across ASMR (−4.76%, p = 0.003 [exact p = 0.0026]), DALYs (−4.36%, p = 0.005), and MIR (−3.87%, p = 0.003 [exact p = 0.0034]), UHC protection on ASMR (−3.31%, p = 0.002) and DALYs (−3.41%, p = 0.001), GDP PPP protection on ASMR (−10.89%, p = 0.003) and DALYs (−13.18%, p = 3.0 × 10-4), and the most rapid secular reduction of any abdominal condition (−15.12% per decade for ASMR, p = 1.8 × 10-15 [exact p = 1.78 × 10-15]; −15.17% for DALYs, p < 1.0 × 10-15; and −10.91% for MIR, p = 1.6 × 10-11). Finally, vascular intestinal disorders (acute mesenteric ischemia) exhibited the highest lethality in high-income settings (MIR 8.26% in HICs vs. 13.96% in LICs; Figure 4B) and demonstrated statistically significant MIR reductions with expanding SAO workforce density (−3.90%, p = 0.049) and UHC coverage (−2.49%, p = 0.010 [exact p = 0.0105]), alongside secular declines in ASMR (−6.12% per decade, p = 0.005) and DALYs (−6.10% per decade, p = 0.002), while positive associations of ASMR with log GDP PPP (+8.78%, p = 0.032) reflected higher geriatric cardiovascular comorbidity and CT angiographic ascertainment in wealthier nations.

Table 5. Cause-Specific Longitudinal GEE AR(1) Elasticity Matrix Across Six Acute Abdominal Emergencies in 130 Low- and Middle-Income Countries (2,976 Country-Years, 2000–2023).
	Acute Abdominal Emergency Entity & Outcome Metric
	Log SAO Workforce (% Δ, P-Value)
	Log CHE PPP (% Δ, P-Value)
	UHC Index +10 pt (% Δ, P-Value)
	Log GDP PPP (% Δ, P-Value)
	Secular Trend / Decade (% Δ, P-Value)

	Acute Appendicitis — Mortality (ASMR)
	−8.30% (p = 3.2 × 10-5)
	−3.19% (p = 0.009)
	−1.52% (p = 0.152)
	−10.31% (p = 0.002)
	−11.59% (p = 7.6 × 10-14)

	Acute Appendicitis — DALY Burden (ASDR)
	−4.45% (p = 0.014)
	−2.35% (p = 0.012)
	−1.36% (p = 0.157)
	−7.17% (p = 0.010)
	−10.31% (p = 7.3 × 10-15)

	Acute Appendicitis — Case-Fatality Proxy (MIR)
	−12.38% (p = 3.2 × 10-11)
	−3.80% (p = 0.003)
	−1.47% (p = 0.103)
	−12.80% (p = 7.2 × 10-6)
	−9.49% (p = 1.1 × 10-7)

	Paralytic Ileus & Intestinal Obstruction — Mortality (ASMR)
	−11.42% (p = 2.6 × 10-5)
	−2.30% (p = 0.087)
	−4.49% (p = 1.1 × 10-5)
	−3.80% (p = 0.158)
	−0.68% (p = 0.690)

	Paralytic Ileus & Intestinal Obstruction — DALY Burden (ASDR)
	−9.87% (p = 7.2 × 10-5)
	−2.52% (p = 0.055)
	−4.17% (p = 2.9 × 10-5)
	−7.01% (p = 0.008)
	−2.36% (p = 0.147)

	Paralytic Ileus & Intestinal Obstruction — Case-Fatality (MIR)
	−2.69% (p = 0.099)
	−1.00% (p = 0.367)
	−1.56% (p = 0.059)
	−4.63% (p = 0.055)
	−9.35% (p = 1.7 × 10-9)

	Inguinal, Femoral & Abdominal Hernia — Mortality (ASMR)
	−11.41% (p = 3.0 × 10-4)
	−3.38% (p = 0.027)
	−5.53% (p = 1.8 × 10-5)
	−2.36% (p = 0.530)
	−5.06% (p = 0.016)

	Inguinal, Femoral & Abdominal Hernia — DALY Burden (ASDR)
	−6.64% (p = 2.8 × 10-6)
	−2.27% (p = 0.002)
	−3.00% (p = 2.1 × 10-4)
	−4.10% (p = 0.090)
	−6.40% (p = 6.4 × 10-8)

	Inguinal, Femoral & Abdominal Hernia — Case-Fatality (MIR)
	−14.67% (p = 6.7 × 10-5)
	−4.94% (p = 0.004)
	−7.05% (p = 2.1 × 10-7)
	−7.83% (p = 0.045)
	+0.20% (p = 0.931)

	Peptic Ulcer Disease — Mortality (ASMR)
	−4.76% (p = 0.003)
	−1.35% (p = 0.303)
	−3.31% (p = 0.002)
	−10.89% (p = 0.003)
	−15.12% (p = 1.8 × 10-15)

	Peptic Ulcer Disease — DALY Burden (ASDR)
	−4.36% (p = 0.005)
	−1.96% (p = 0.132)
	−3.41% (p = 0.001)
	−13.18% (p = 3.0 × 10-4)
	−15.17% (p < 1.0 × 10-15)

	Peptic Ulcer Disease — Case-Fatality Proxy (MIR)
	−3.87% (p = 0.003)
	−1.08% (p = 0.330)
	−1.64% (p = 0.078)
	−5.16% (p = 0.065)
	−10.91% (p = 1.6 × 10-11)

	Gallbladder & Biliary Diseases — Mortality (ASMR)
	−3.82% (p = 0.043)
	−0.87% (p = 0.464)
	+0.20% (p = 0.796)
	−3.20% (p = 0.259)
	+0.72% (p = 0.604)

	Gallbladder & Biliary Diseases — DALY Burden (ASDR)
	+3.60% (p = 7.2 × 10-5)
	+0.92% (p = 0.071)
	+2.10% (p = 5.3 × 10-6)
	+0.03% (p = 0.987)
	−4.23% (p = 1.1 × 10-7)

	Gallbladder & Biliary Diseases — Case-Fatality Proxy (MIR)
	−12.32% (p = 9.7 × 10-6)
	−3.71% (p = 0.011)
	−3.41% (p = 5.0 × 10-4)
	−5.32% (p = 0.099)
	+9.57% (p = 1.1 × 10-9)

	Vascular Intestinal Disorders — Mortality (ASMR)
	+3.30% (p = 0.209)
	+1.55% (p = 0.152)
	−0.99% (p = 0.367)
	+8.78% (p = 0.032)
	−6.12% (p = 0.005)

	Vascular Intestinal Disorders — DALY Burden (ASDR)
	+2.95% (p = 0.250)
	+1.37% (p = 0.178)
	−1.16% (p = 0.277)
	+7.03% (p = 0.065)
	−6.10% (p = 0.002)

	Vascular Intestinal Disorders — Case-Fatality Proxy (MIR)
	−3.90% (p = 0.049)
	−1.41% (p = 0.154)
	−2.49% (p = 0.010)
	−1.92% (p = 0.509)
	−2.09% (p = 0.264)


Note: Cause-specific log-linear GEE AR(1) regressions adjusted for Out-of-Pocket expenditure share (+10% CHE) and urbanization (+10%) across 2,976 complete LMIC country-years. Exact underlying log-linear coefficients include inguinal/femoral/abdominal hernia MIR log SAO β = −0.1587 (−14.67%, p = 6.67 × 10-5) and UHC β = −0.0731 (−7.05%, p = 2.13 × 10-7); acute appendicitis MIR log SAO β = −0.1322 (z = −6.64, −12.38%, p = 3.21 × 10-11); paralytic ileus ASMR log SAO β = −0.1213 (−11.42%, p = 2.61 × 10-5) and ASDR β = −0.1039 (−9.87%, p = 7.17 × 10-5); and gallbladder/biliary MIR log SAO β = −0.1315 (−12.32%, p = 9.66 × 10-6).
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Figure 4. Cause-specific longitudinal GEE AR(1) elasticity matrix across the six acute abdominal emergencies in 130 LMICs (2,976 country-years, 2000–2023): (A) multivariable percentage change heatmap (% Δ per unit predictor; * p < 0.05, ** p < 0.01, *** p < 0.001) highlighting steepest surgical workforce MIR protection in inguinal/femoral/abdominal hernia (−14.67%, p = 6.7 × 10-5), acute appendicitis (−12.38%, p = 3.2 × 10-11), and gallbladder/biliary diseases (−12.32%, p = 9.7 × 10-6) and steepest mortality protection in paralytic ileus and intestinal obstruction (ASMR −11.42%, p = 2.6 × 10-5), and (B) cause-specific case-fatality (MIR %, log scale) across World Bank income strata.

3.5 Specialist Surgeon Versus Anaesthesiologist Bottleneck Analysis and Counterfactual Lives Saved
Disaggregating the WHO Global Health Observatory workforce indicators across 151 reporting countries enabled direct evaluation of licensed specialist surgeons versus licensed specialist anaesthesiologists per 100,000 population in relation to acute abdominal case-fatality (Figure 5). Across all 151 countries, log–log bivariate regressions demonstrated that both licensed surgeon density (Pearson r = −0.815, p = 4.11 × 10-37) and licensed anaesthesiologist density (Pearson r = −0.797, p = 2.20 × 10-34) were powerfully and nearly identically associated with lower Total 6 acute abdominal MIR (Figure 5B). Two-dimensional joint quadrant mapping of specialist surgeon density against specialist anaesthesiologist density colored by acute abdominal MIR (Figure 5A) revealed a critical structural 'Anaesthesia Bottleneck Zone' across numerous LICs and LMCs—including Ethiopia, Tanzania, Nigeria, and Pakistan—characterized by surgeon-to-anaesthesiologist ratios exceeding 2:1 to 4:1 combined with absolute anaesthesiologist densities below the World Federation of Societies of Anaesthesiologists (WFSA) minimum safe threshold of 4 specialist anaesthesiologists per 100,000 population. Within this bottleneck quadrant, countries that expanded surgeon headcount without proportional growth in specialist anaesthesiologists and postoperative critical-care capacity failed to reduce acute abdominal MIR below 1.2%.
In our 2023 counterfactual policy simulation across the 130 LMICs (Figure 6), mapping World Bank catastrophic surgical expenditure risk against Total 6 acute abdominal MIR demonstrated a steep positive financial-barrier gradient from HICs (6.6% catastrophic risk; MIR 0.50%) and UMCs (18.4%; MIR 0.75%) to LMCs (43.5% period mean [43.43% in 2023]; MIR 1.53%) and LICs (69.8% period mean [67.62% in 2023]; MIR 1.86%; Figure 6A). Within our 130-LMIC cohort, exactly 89 LMICs remained below the Lancet Commission minimum workforce target of 20 SAO providers per 100,000 population in calendar year 2023. Applying our counterfactual simulation equation, if all 89 deficit LMICs expanded their surgical–anaesthesia workforce and perioperative health systems to attain the empirical mortality and DALY rates of the Lancet Minimum Met tier (20–39.9 SAO per 100,000: benchmark ASMR = 11.14 per 100,000 and ASDR = 359.67 per 100,000), a total of 102,254 acute abdominal deaths and 3,259,619 DALYs (3.26 million healthy life-years lost) would be prevented annually (Figure 6B). Geographically, the avertable mortality and disability burden is concentrated in Sub-Saharan Africa (44,180 avertable deaths [43.2%] and 1,458,400 DALYs [44.7%] across 41 deficit LMICs) and South Asia (36,920 avertable deaths [36.1%] and 1,142,800 DALYs [35.1%] across 8 deficit LMICs), followed by East Asia and the Pacific (10,450 deaths [10.2%] and 321,500 DALYs [9.9%] across 14 deficit LMICs), Latin America and the Caribbean (5,120 deaths [5.0%] and 162,300 DALYs [5.0%] across 12 deficit LMICs), the Middle East and North Africa (3,890 deaths [3.8%] and 121,800 DALYs [3.7%] across 9 deficit LMICs), and Europe and Central Asia (1,694 deaths [1.7%] and 52,819 DALYs [1.6%] across 5 deficit LMICs).
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Figure 5. Disaggregated WHO Global Health Observatory (GHO) surgical and anaesthesia workforce sub-analysis across 151 reporting countries: (A) joint log–log distribution of licensed specialist surgeons per 100,000 population versus licensed specialist anaesthesiologists per 100,000 population colored by Total 6 acute abdominal MIR (%), delineating the structural 'Anaesthesia Bottleneck Zone' (<4 anaesthesiologists per 100,000 with 2:1 to 4:1 surgeon-to-anaesthesiologist imbalance in LICs/LMCs where MIR fails to drop below 1.2%), and (B) coupled bivariate log–log regression trajectories confirming parallel negative correlations for both licensed surgeons (r = −0.815, p = 4.11 × 10-37) and licensed anaesthesiologists (r = −0.797, p = 2.20 × 10-34).
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Figure 6. Financial risk barriers and counterfactual policy simulation across 130 LMICs: (A) structural gradient between the proportion of population at risk of catastrophic surgical expenditure (69.8% period mean [67.62% in 2023] in LICs and 43.5% [43.43% in 2023] in LMCs vs. 18.4% in UMCs and 6.6% in HICs) and Total 6 acute abdominal MIR (%), and (B) regional distribution of the 102,254 annual acute abdominal deaths and 3,259,619 DALYs avertable if all 89 deficit LMICs (<20 SAO per 100,000 in 2023) achieved the Lancet Commission minimum workforce tier benchmark (ASMR = 11.14 and ASDR = 359.67 per 100,000).

4. DISCUSSION
4.1 Resolving the Global Acute Abdomen Paradox Through Mortality-to-Incidence Ratios and the Three-Delays Framework
By integrating 24 consecutive years of longitudinal data (2000–2023) across 200 countries (4,800 global country-years; 3,120 country-years across 130 LMICs) from the IHME GBD 2023, World Bank Open Data, and WHO Global Health Observatory repositories, this investigation establishes the most comprehensive macro-econometric synthesis of acute abdominal surgical mortality, disability, and case-fatality conducted to date.1–5 Our primary epidemiological contribution is the empirical resolution of the global acute abdomen incidence paradox via the age-standardized Mortality-to-Incidence Ratio (MIR = 100 × ASMR / ASIR).16,17,22–24 When global surgical burden is inspected solely through recorded incidence rates, high-income countries appear to carry nearly twice the disease burden of low-income countries (Total 6 ASIR 2,061.98 vs. 1,103.05 per 100,000; Table 1). As corroborated by recent condition-specific GBD 2019 and GBD 2021 analyses of digestive diseases,22–24 appendicitis,25–27 paralytic ileus and intestinal obstruction,28–31 abdominal wall hernias,32 gallbladder and biliary diseases,36,37 and vascular intestinal disorders,38,39 elevated ASIR in HICs reflects two non-surgical phenomena: first, advanced demographic aging increases the true biological incidence of geriatric adhesive and malignant bowel obstruction, complicated diverticulitis, gallstone pancreatitis, and atrial fibrillation-associated mesenteric thromboembolism; and second, universal 24-hour emergency department availability of high-resolution ultrasonography and multi-detector contrast CT captures mild, self-limiting, or early-phase acute appendicitis and biliary colic that remain undiagnosed in rural LIC populations.25,29,39,41
Normalizing mortality to incidence through MIR unmasks the devastating lethality of surgical workforce deprivation across the developing world. Although recorded incidence is 47% lower in LICs than in HICs, population mortality (ASMR) is 2.09-fold higher (19.74 vs. 9.44 per 100,000), DALYs are 2.10-fold higher (617.24 vs. 293.81 per 100,000), Total 6 acute abdominal MIR is 3.71-fold higher (1.86% vs. 0.50%), and Core 3 surgical abdomen MIR is 3.14-fold higher (1.69% vs. 0.54%; Table 1 and Figure 1A–C). Even more strikingly, in conditions that are routinely cured with near-zero mortality in modern surgical centers—acute appendicitis and inguinal/femoral/abdominal hernias—case-fatality is 5.08-fold higher (MIR 0.291% vs. 0.057%) and 6.54-fold higher (MIR 3.08% vs. 0.47%), respectively, in LICs than in HICs.25,32 Mechanistically, these macro-level MIR disparities map directly onto the classical Three-Delays Framework of global emergency care and align 1:1 with prospective patient-level findings from GlobalSurg-1,2 ASOS and ASOS-2,6,8,9 and the GRACE perforated peptic ulcer study.35 In LICs—where 69.8% of the population across 2000–2023 (and 67.62% in 2023) faced catastrophic expenditure risk from surgical care and 43.7% of health spending was paid out of pocket—impoverished families delay seeking care (First Delay) and traverse unpaved rural transport corridors without prehospital ambulance networks (Second Delay), arriving at district hospitals only after simple appendicitis or reducible hernia has progressed to transmural gangrene, generalized fecal peritonitis, and profound septic shock, where severe deficits in surgical, anaesthetic, and intensive care staffing (Third Delay) culminate in perioperative death.2,6,11,42–44
4.2 Econometric Superiority of GEE AR(1) and Structural Policy Insights from Mundlak Within–Between Decomposition
Our second foundational contribution is methodological: demonstrating why longitudinal panel econometrics must account for realistic serial autocorrelation and explicitly separate between-country structural capacity from within-country annual deviations.3,5,12 In a 24-year macro-panel (T = 24) where national health workforce and financing indicators evolve gradually with high year-to-year autocorrelation (α ≈ 0.96), standard Exchangeable working correlation structures apply a 95.84% quasi-demeaning transformation (θ = 1 − √[(1 − α)/(1 + 23α)] = 95.84%) that strips out nearly all cross-national and medium-term signal. By modeling geometric temporal decay Corr(eit, eis) = α|t − s|, our GEE AR(1) specification achieved markedly superior quasi-likelihood fit (Pan's QIC = 2,978.44 for ASMR and 2,978.71 for MIR vs. 3,138.03 and 3,067.94 under Exchangeable; Table 3). Across 130 LMICs, multivariable GEE AR(1) regressions establish that specialist SAO workforce density independently reduces Total 6 acute abdominal ASMR by −5.58% per log unit (β = −0.0574, p = 0.0002), DALYs by −3.08% (β = −0.0313, p = 0.0065), Total 6 MIR by −10.84% (β = −0.1148, z = −5.64, p = 1.73 × 10-8), Core 3 surgical ASMR by −10.97% (β = −0.1162, p = 1.26 × 10-5), and Core 3 surgical MIR by −11.33% (β = −0.1202, z = −5.17, p = 2.30 × 10-7), while per-capita health expenditure (log CHE PPP: −2.93% on Total 6 MIR, p = 0.0166; −2.52% on Core 3 MIR, p = 0.0464), WHO UHC Service Coverage Index (+10 points: −4.49% on Total 6 MIR, p = 2.99 × 10-8; −3.47% on Core 3 MIR, p = 2.36 × 10-5), and GDP per capita PPP (−7.51% on Total 6 MIR, p = 0.0040) provide independent, additive protection.
Crucially, pairing population-averaged GEE AR(1) models with REML Linear Mixed-Effects Mundlak within–between decompositions (Table 4 and Figure 3B) resolves a central question in global health economics: why do short-term annual fluctuations in surgical headcount or ministry budgets rarely produce immediate one-year drops in national mortality? Across all five Mundlak LME models, the Intraclass Correlation Coefficient ranged from 94.6% to 95.7%, proving that over 94% of total variance in LMIC acute abdominal mortality, DALYs, and case-fatality is structural between-country inequality. The structural Between-Country elasticity (βB) of specialist SAO workforce density was large and highly significant across Total 6 ASMR (βB = −0.1246, p = 0.0013), Total 6 DALYs (βB = −0.0621, p = 0.0344), Total 6 MIR (βB = −0.2050, p = 1.84 × 10-5), and Core 3 surgical MIR (βB = −0.2343, p = 2.14 × 10-5), alongside structural per-capita health expenditure (log CHE PPP βB = −0.3112 on Total 6 MIR, p = 0.0016; βB = −0.2405 on Core 3 MIR, p = 0.0191) and structural catastrophic surgical risk (βB = −0.0434, p = 0.0392), whereas short-term annual Within-Country deviations (βW) were statistically null (p = 0.1161 to 0.9814). Furthermore, in Mundlak Model 5, structural Between-Country UHC service coverage (βB = −0.2428, t = −5.01, p = 5.47 × 10-7) acted as the overarching system mediator absorbing the direct structural effects of workforce and spending. This econometric architecture proves that surgical system rescue capacity is a deep structural asset: transitioning a country from the Critical Deficit tier (<5 SAO per 100,000; MIR 1.78%) to the Lancet Minimum Met tier (20–39.9 SAO per 100,000; MIR 0.65%; Table 2 and Figure 2) requires sustained multi-decade institutional capital accumulation in medical schools, residency programs, district operating rooms, supply chains, and UHC prepayment pools.1,9,13–17
4.3 Visceral Pathophysiology of Cause-Specific Surgical Elasticities and the Perioperative Anaesthesia Bottleneck
Disaggregating our longitudinal GEE AR(1) models across the six individual acute abdominal emergencies (Table 5 and Figure 4) illuminates how macro-level health-system capacity interacts with disease-specific visceral biology.25–41 Inguinal, femoral, and abdominal wall hernias exhibited the steepest protective MIR elasticity to specialist SAO workforce density (−14.67% per log unit, β = −0.1587, p = 6.7 × 10-5), UHC coverage (−7.05% per +10 points, β = −0.0731, p = 2.1 × 10-7), and CHE PPP (−4.94%, p = 0.004), yet showed zero passive secular MIR improvement over time (+0.20% per decade, p = 0.931). Biologically, an external abdominal wall hernia is an anatomical defect that is 100% curable via elective outpatient mesh or tissue herniorrhaphy before incarceration occurs; when district surgical capacity and UHC coverage expand, elective repair prevents emergency strangulation while timely groin exploration prevents bowel necrosis and fatal peritonitis.32 Acute appendicitis showed the second largest SAO workforce elasticity on MIR (−12.38%, β = −0.1322, z = −6.64, p = 3.2 × 10-11; ASMR −8.30%, p = 3.2 × 10-5) alongside rapid secular decline (−11.59% ASMR and −9.49% MIR per decade), reflecting the decisive impact of timely appendectomy and broad-spectrum perioperative antimicrobial prophylaxis (such as the Clean Cut surgical infection prevention bundle) in preventing appendiceal perforation and pelvic sepsis.11,25–27 Similarly, paralytic ileus and mechanical intestinal obstruction showed potent SAO workforce protection on ASMR (−11.42%, β = −0.1213, p = 2.6 × 10-5) and DALYs (−9.87%, p = 7.2 × 10-5) and UHC protection (−4.49% ASMR, p = 1.1 × 10-5), as survival in adhesive, volvulus, or malignant bowel obstruction depends on nasogastric decompression, intravenous fluid/electrolyte resuscitation, and timely laparotomy before closed-loop gangrene ensues.28–31
The remaining three abdominal entities highlight the interplay between surgical intervention, medical/endoscopic technology, and diagnostic ascertainment (Table 5). In gallbladder and biliary tract diseases, specialist SAO density sharply reduced case-fatality (MIR −12.32%, β = −0.1315, p = 9.7 × 10-6; ASMR −3.82%, p = 0.043) via timely laparoscopic or open cholecystectomy and common bile duct decompression for acute suppurative cholangitis, whereas non-fatal biliary DALYs rose positively with SAO (+3.60%, p = 7.2 × 10-5) and UHC (+2.10%, p = 5.3 × 10-6) because expanding ultrasound capacity across transitioning LMICs diagnoses large reservoirs of chronic symptomatic cholelithiasis.36,37 In peptic ulcer disease, significant SAO surgical protection (ASMR −4.76%, p = 0.003; MIR −3.87%, p = 0.003) and UHC protection (ASMR −3.31%, p = 0.002) combined with the steepest secular decline of all six conditions (−15.12% ASMR and −15.17% DALYs per decade, p ≤ 1.8 × 10-15), capturing the global triumph of proton-pump inhibitors, Helicobacter pylori eradication, and therapeutic endoscopy alongside Graham patch omentopexy for perforated ulcers.33–35 Conversely, vascular intestinal disorders (acute mesenteric ischemia) remained highly lethal across all income strata (MIR 13.96% in LICs vs. 8.26% in HICs; Figure 4B) with more modest SAO elasticity (MIR −3.90%, p = 0.049; UHC −2.49%, p = 0.010), because preventing transmural bowel infarction requires hyper-acute CT angiography, endovascular revascularization, and dedicated intestinal stroke centers within 6 hours of symptom onset.38–41
Crucially, our disaggregated WHO GHO analysis across 151 countries (Section 3.5 and Figure 5) provides a vital physiological corrective to surgeon-centric workforce planning. Licensed specialist anaesthesiologist density (r = −0.797, p = 2.20 × 10-34) correlated with acute abdominal MIR reduction nearly as strongly as licensed surgeon density (r = −0.815, p = 4.11 × 10-37), and countries trapped in the 'Anaesthesia Bottleneck Zone' (<4 anaesthesiologists per 100,000 with surgeon-to-anaesthesiologist ratios of 2:1 to 4:1, such as Ethiopia, Tanzania, Nigeria, and Pakistan) failed to reduce MIR below 1.2%.18–21 In emergency laparotomy for perforated viscus or strangulated bowel, the patient is physiologically deranged by hypovolemic and endotoxemic distributive shock, severe metabolic lactic acidosis, and abdominal compartment syndrome. Without a credentialed anaesthesiologist to execute rapid-sequence induction (preventing fatal aspiration pneumonitis), titrate norepinephrine and goal-directed crystalloid/blood resuscitation, and manage postoperative mechanical ventilation and sepsis surveillance in a high-dependency or intensive care unit, technical surgical source control alone cannot prevent postoperative 'failure to rescue'.6,18,19,21
4.4 Methodological Strengths, Epistemic Limitations, and Actionable NSOAP Policy Roadmap for LMICs
This study possesses several major strengths, including a balanced 24-year global panel across 200 countries (4,800 country-years), multi-repository harmonization of 42 indicator series across IHME GBD 2023, World Bank Open Data, and WHO GHO repositories, explicit MIR case-fatality normalization, Pan's QIC validation of GEE AR(1) working correlation, Mundlak REML within–between variance partitioning, and cadre-specific disaggregation of surgeons versus anaesthesiologists.3,4,12,18 At the same time, rigorous epistemic bounding requires acknowledging three methodological limitations. First, because all variables are measured at the aggregate country-year level, our elasticity coefficients represent macro-level ecological associations and must not be over-interpreted as patient-level clinical risk ratios (ecological fallacy); they are designed to guide national macroeconomic and workforce planning alongside patient-level prospective registries such as GlobalSurg, ASOS-2, and GRACE.2,6–9,35 Second, because national specialist surgical and anaesthesia workforce surveys are reported intermittently in several LMICs, longitudinal panel construction required anchoring to continuous annual physician series; however, our pre-specified sensitivity analysis restricted exclusively to raw uninterpolated survey country-years (n = 173 LMIC and n = 285 global observations) confirmed identical protective signs and statistical significance (log CHE PPP β = −0.1490, p = 0.0380; UHC β = −0.1882, p = 2.21 × 10-5). Third, in LICs with incomplete civil registration and vital statistics (CRVS), GBD 2023 relies on verbal autopsy and Cause of Death Ensemble modeling (CODEm), which smooths high-frequency annual mortality shocks and partly explains why within-country annual deviations (βW) are attenuated relative to between-country structural effects (βB).3,4
Translating our counterfactual simulation (Figure 6B) into global health action provides a clear, quantified mandate for ministries of health, multilateral development banks, and National Surgical, Obstetric, and Anaesthesia Plans (NSOAPs): elevating the 89 deficit LMICs from <20 SAO per 100,000 to the Lancet Commission minimum target tier (20–39.9 SAO per 100,000: ASMR 11.14 and ASDR 359.67 per 100,000) would prevent 102,254 acute abdominal deaths and 3,259,619 DALYs every year, primarily in Sub-Saharan Africa (44,180 deaths; 1,458,400 DALYs) and South Asia (36,920 deaths; 1,142,800 DALYs). To achieve this target, we propose a three-pillar NSOAP implementation roadmap: (1) Decentralized District-Hospital Surgical and Anaesthesia Residency Expansion—scaling collegiate regional training models (such as the College of Surgeons of East, Central and Southern Africa [COSECSA], the West African College of Surgeons, and national rural surgical fellowships) coupled with rural retention incentives, blood banking, and point-of-care ultrasound at first-level district hospitals to eliminate Second and Third Delays in hernia, appendicitis, and bowel obstruction;14–17 (2) Eliminating the Anaesthesia and Critical-Care Bottleneck—enforcing coupled workforce recruitment ratios of at least 1 specialist anaesthesiologist per 1 to 2 surgeons toward the WFSA minimum threshold of ≥4 specialist anaesthesiologists per 100,000 population, paired with pulse oximetry, capnography, vasopressor formularies, and district high-dependency beds to eradicate postoperative failure to rescue;6,18,19,21 and (3) Decommodifying Emergency Abdominal Surgery within Universal Health Coverage—abolishing point-of-care out-of-pocket user fees for Bellwether emergency laparotomy and acute abdomen care via mandatory inclusion in national UHC benefit packages, thereby dismantling the catastrophic expenditure barrier that currently places 69.8% (67.62% in 2023) of LIC populations and 43.5% (43.43% in 2023) of LMC populations at financial peril.42–45
5. CONCLUSION
5.1 Comprehensive Synthesis and Global Surgical Health Policy Mandate
In conclusion, this 24-year multi-repository longitudinal panel study across 200 countries (4,800 country-years; 3,120 country-years in 130 LMICs) resolves the global acute abdomen incidence paradox and establishes that the 3.71-fold higher case-fatality (MIR 1.86% vs. 0.50%), 2.09-fold higher mortality (ASMR 19.74 vs. 9.44 per 100,000), and 2.10-fold higher disability burden (617.24 vs. 293.81 DALYs per 100,000) in low-income nations compared with high-income nations are driven by severe structural deficits in specialist surgical and anaesthesia workforce density (mean 2.04 [median 0.55] vs. 66.89 [median 60.81] SAO per 100,000), inadequate per-capita health expenditure ($96.5 vs. $2,891.4 PPP), and widespread risk of catastrophic surgical expenditure (69.8% vs. 6.6%). Longitudinal GEE AR(1) regressions (Pan's QIC = 2,978.71) prove that specialist SAO workforce density independently reduces LMIC acute abdominal mortality by −5.58% (p = 0.0002), DALYs by −3.08% (p = 0.0065), Total 6 MIR by −10.84% (p = 1.73 × 10-8), and Core 3 surgical MIR by −11.33% (p = 2.30 × 10-7)—with the steepest case-fatality reductions in incarcerated/strangulated hernias (−14.67%), acute appendicitis (−12.38%), and acute biliary diseases (−12.32%)—while Mundlak REML mixed-effects decompositions demonstrate that 94.6% to 95.7% of variance reflects persistent between-country structural inequality mediated through Universal Health Coverage (βB = −0.2428, p = 5.47 × 10-7). Overcoming the anaesthesia bottleneck (<4 anaesthesiologists per 100,000; r = −0.797), embedding financial protection for emergency laparotomy within UHC schemes, and elevating all 89 deficit LMICs to the Lancet Commission minimum threshold of ≥20 SAO providers per 100,000 population would prevent 102,254 deaths and 3,259,619 DALYs from acute abdominal emergencies every year.
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Disease-Specific GEE AR(1) Elasticity Matrix Across Six Acute Abdominal Emergencies in 130 LMICs (2,976 Country-Years)
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Catastrophic Surgical Expenditure Risk and Counterfactual Avertable Mortality & DALYs Across 89 Deficit LMICs (2023)
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wtd 36,920 deaths | 1,142,800 DALYs
(8 Deficit LMICs)

East Asia & Pacific

a 10,450 deaths | 321,500 DALYs
(14 Deficit LMICs)

Latin America & Carib.

- 5,120 deaths | 162,300 DALYs
(12 Deficit LMICs)

Total Annual Avertable Burden Across 89 Deficit LMICs:

e 102,254 Acute Abdominal Deaths Prevented/Year

3,890 death ° 3,259,619 DALYs (3.26 Million Healthy Life-Years) Saved/Year
(Benchmark: Lancet Minimum Tier ASMR 11.14 & ASDR 359.67/100k)

Middle East & N. Africa
(9 Deficit LMICs)

Europe & Central Asia

=0 1,694 deaths | 52,819 DALYs
(5 Deficit LMICs)
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