# =========================================================================
# NTS NIGERIA SYSTEMATIC REVIEW AND META-ANALYSIS
# Complete R Script - Prevalence + AMR Analysis
# Authors: Akinbobola JS, Akinbobola RIA, Jolayemi KO
# Journal: BMC Infectious Diseases
# =========================================================================
# install.packages(c("meta", "metafor", "dplyr", "ggplot2",
#                    "readxl", "writexl", "scales"))
# =========================================================================

library(meta)
library(metafor)
library(dplyr)
library(ggplot2)
library(readxl)
library(writexl)
library(scales)

# =============================================================================
# 0. WORKING DIRECTORY
# =============================================================================
setwd("C:/Users/USER/Documents")

# Confirm working directory
cat(sprintf("Working directory: %s\n", getwd()))
cat(sprintf("Data.xlsx found: %s\n", file.exists("Data.xlsx")))
cat(sprintf("NTS_AMR_Data_cleaned.csv found: %s\n",
            file.exists("NTS_AMR_Data_cleaned.csv")))

# =============================================================================
# 1. LOAD PREVALENCE DATA
# =============================================================================
data <- read_excel("Data.xlsx", sheet = 1)

cat("\n=== PREVALENCE DATA LOADED ===\n")
cat(sprintf("Arms (k):       %d\n", nrow(data)))
cat(sprintf("Studies:        %d\n", length(unique(data$Study_ID))))
cat(sprintf("Total N:        %d\n", sum(data$Total, na.rm = TRUE)))
cat(sprintf("Total Events:   %d\n", sum(data$Events, na.rm = TRUE)))

# -----------------------------------------------------------------------------
# 1a. PARSE YEAR OF SAMPLING
# Handle range years like "2004-2005" by extracting the start year
# -----------------------------------------------------------------------------
data$Year_Start <- as.numeric(
  ifelse(grepl("-", data$Year_of_Sampling),
         sub("-.*", "", data$Year_of_Sampling),
         as.character(data$Year_of_Sampling))
)

# Assign study period bands
data$Study_Period <- cut(
  data$Year_Start,
  breaks = c(2003, 2015, 2020, 2025),
  labels = c("2004-2015", "2016-2020", "2021-2025"),
  right  = TRUE
)

cat("\n=== STUDY PERIOD BAND DISTRIBUTION ===\n")
print(table(data$Study_Period, useNA = "ifany"))

# -----------------------------------------------------------------------------
# 1b. CREATE HOST GROUP FOR SUBGROUP ANALYSIS
# Cattle + Pig + Sheep grouped as Other livestock
# -----------------------------------------------------------------------------
data$Host_Group <- case_when(
  data$Host == "Human"                          ~ "Human",
  data$Host == "Poultry"                        ~ "Poultry",
  data$Host %in% c("Cattle", "Pig", "Sheep")   ~ "Other livestock",
  data$Host == "Environment"                    ~ "Environment",
  data$Host == "Food"                           ~ "Food",
  TRUE                                          ~ "Other"
)

# -----------------------------------------------------------------------------
# 1c. GROUP SAMPLE TYPES
# -----------------------------------------------------------------------------
data$Sample_Type_Grouped <- case_when(
  data$Sample_Type == "Blood"
    ~ "Blood",
  data$Sample_Type %in% c("Faeces", "Caecum")
    ~ "Faeces/GI",
  data$Sample_Type == "Cloacal Swab"
    ~ "Cloacal Swab",
  data$Sample_Type %in% c("Water", "Wastewater", "Effluent",
                           "Litter", "Dust", "Shoe socks and dust",
                           "Hand Swab")
    ~ "Environmental",
  data$Sample_Type %in% c(
    "Tissues (lungs, heart, liver, spleen, kidneys, proventriculus, small \nintestine, caecum and bile)",
    "Intestine", "Liver", "Spleen", "Beef",
    "Meat", "Egg", "Egg Swab", "Swab")
    ~ "Tissue/Organ/Swab",
  data$Sample_Type %in% c("Food", "Feed",
                           "Ready-to-eat-gizzard",
                           "Ready-to-eat-shrimp")
    ~ "Food/Feed",
  data$Sample_Type == "Mixed (Blood, Faeces)"
    ~ "Mixed",
  TRUE ~ "Other"
)

# =============================================================================
# 2. OVERALL META-ANALYSIS - PLOGIT, ML
# =============================================================================
meta_overall <- metaprop(
  event      = Events,
  n          = Total,
  studlab    = Study,
  data       = data,
  method     = "GLMM",
  sm         = "PLOGIT",
  method.tau = "ML",
  prediction = TRUE,
  title      = "Overall NTS Prevalence — Nigeria"
)

cat("\n=== OVERALL META-ANALYSIS ===\n")
print(summary(meta_overall))

# Back-transform key numbers
overall_est   <- round(exp(meta_overall$TE.random) /
                         (1 + exp(meta_overall$TE.random)) * 100, 1)
overall_lower <- round(exp(meta_overall$lower.random) /
                         (1 + exp(meta_overall$lower.random)) * 100, 1)
overall_upper <- round(exp(meta_overall$upper.random) /
                         (1 + exp(meta_overall$upper.random)) * 100, 1)
pi_lower      <- round(exp(meta_overall$lower.predict) /
                         (1 + exp(meta_overall$lower.predict)) * 100, 1)
pi_upper      <- round(exp(meta_overall$upper.predict) /
                         (1 + exp(meta_overall$upper.predict)) * 100, 1)
i2_val        <- round(meta_overall$I2 * 100, 1)
tau2_val      <- round(meta_overall$tau^2, 4)
k_val         <- meta_overall$k

cat(sprintf("\n  Pooled prevalence:   %.1f%% (95%% CI: %.1f%%–%.1f%%)\n",
            overall_est, overall_lower, overall_upper))
cat(sprintf("  Prediction interval: %.1f%% to %.1f%%\n",
            pi_lower, pi_upper))
cat(sprintf("  I² = %.1f%%, tau² = %.4f, k = %d\n",
            i2_val, tau2_val, k_val))

# =============================================================================
# 3. SUBGROUP ANALYSES
# =============================================================================

run_subgroup <- function(data, groupvar, label) {
  metaprop(
    event      = Events,
    n          = Total,
    studlab    = Study,
    data       = data,
    method     = "GLMM",
    sm         = "PLOGIT",
    method.tau = "ML",
    prediction = TRUE,
    subgroup   = data[[groupvar]],
    title      = label
  )
}

# 3a. Host Group
cat("\n=== SUBGROUP: HOST GROUP ===\n")
meta_host <- run_subgroup(data, "Host_Group",
                          "NTS Prevalence by Host Group")
print(summary(meta_host))

# 3b. Geopolitical Zone
cat("\n=== SUBGROUP: GEOPOLITICAL ZONE ===\n")
meta_zone <- run_subgroup(data, "Geopolitical_Zone",
                          "NTS Prevalence by Geopolitical Zone")
print(summary(meta_zone))

# 3c. Study Period
cat("\n=== SUBGROUP: STUDY PERIOD ===\n")
meta_period <- run_subgroup(data, "Study_Period",
                            "NTS Prevalence by Study Period")
print(summary(meta_period))

# 3d. Sample Type
cat("\n=== SUBGROUP: SAMPLE TYPE ===\n")
meta_sample <- run_subgroup(data, "Sample_Type_Grouped",
                            "NTS Prevalence by Sample Type")
print(summary(meta_sample))

# 3e. Detection Method
cat("\n=== SUBGROUP: DETECTION METHOD ===\n")
meta_method <- run_subgroup(data, "Method",
                            "NTS Prevalence by Detection Method")
print(summary(meta_method))

# =============================================================================
# 4. META-REGRESSION
# =============================================================================
cat("\n=== META-REGRESSION ===\n")

# Compute logit-transformed proportions and variances for metafor
data$prop <- data$Events / data$Total
data$prop <- ifelse(data$prop == 0,
                    0.5 / data$Total,
                    ifelse(data$prop == 1,
                           (data$Total - 0.5) / data$Total,
                           data$prop))
data$logit_p  <- log(data$prop / (1 - data$prop))
data$var_logit <- 1 / (data$Events + 0.5) +
                  1 / (data$Total - data$Events + 0.5)

# Factor encoding
data$Host_Group_f  <- relevel(factor(data$Host_Group),
                               ref = "Human")
data$Zone_f        <- relevel(factor(data$Geopolitical_Zone),
                               ref = "South-West")
data$Period_f      <- relevel(factor(data$Study_Period),
                               ref = "2004-2015")
data$SampleType_f  <- relevel(factor(data$Sample_Type_Grouped),
                               ref = "Faeces/GI")
data$Method_f      <- factor(data$Method)

# 4a. Univariable models
cat("\n--- Univariable: Host Group ---\n")
reg_host <- rma(yi = logit_p, vi = var_logit,
                mods = ~ Host_Group_f, data = data, method = "ML")
print(reg_host)
cat(sprintf("R² (Host Group): %.1f%%\n", max(0, reg_host$R2)))

cat("\n--- Univariable: Geopolitical Zone ---\n")
reg_zone <- rma(yi = logit_p, vi = var_logit,
                mods = ~ Zone_f, data = data, method = "ML")
print(reg_zone)
cat(sprintf("R² (Zone): %.1f%%\n", max(0, reg_zone$R2)))

cat("\n--- Univariable: Study Period ---\n")
reg_period <- rma(yi = logit_p, vi = var_logit,
                  mods = ~ Period_f, data = data, method = "ML")
print(reg_period)
cat(sprintf("R² (Study Period): %.1f%%\n", max(0, reg_period$R2)))

cat("\n--- Univariable: Sample Type ---\n")
reg_sample <- rma(yi = logit_p, vi = var_logit,
                  mods = ~ SampleType_f, data = data, method = "ML")
print(reg_sample)
cat(sprintf("R² (Sample Type): %.1f%%\n", max(0, reg_sample$R2)))

cat("\n--- Univariable: Detection Method ---\n")
reg_method <- rma(yi = logit_p, vi = var_logit,
                  mods = ~ Method_f, data = data, method = "ML")
print(reg_method)
cat(sprintf("R² (Detection Method): %.1f%%\n", max(0, reg_method$R2)))

# 4b. Multivariable model
cat("\n--- Multivariable Model ---\n")
reg_multi <- rma(yi = logit_p, vi = var_logit,
                 mods = ~ Host_Group_f + Zone_f + Period_f + SampleType_f,
                 data = data, method = "ML")
print(reg_multi)
cat(sprintf("R² (Multivariable): %.1f%%\n", max(0, reg_multi$R2)))

# =============================================================================
# 5. SENSITIVITY ANALYSES
# =============================================================================
cat("\n=== SENSITIVITY ANALYSES ===\n")

backtrans <- function(m) {
  c(
    pool  = round(exp(m$TE.random) / (1 + exp(m$TE.random)) * 100, 1),
    lower = round(exp(m$lower.random) / (1 + exp(m$lower.random)) * 100, 1),
    upper = round(exp(m$upper.random) / (1 + exp(m$upper.random)) * 100, 1),
    i2    = round(m$I2 * 100, 1)
  )
}

# 5a. Human studies only
data_human <- filter(data, Host_Group == "Human")
meta_sens_human <- metaprop(
  event = Events, n = Total, studlab = Study,
  data = data_human, method = "GLMM", sm = "PLOGIT",
  method.tau = "ML", prediction = TRUE
)
bt_human <- backtrans(meta_sens_human)
cat(sprintf("\nSensitivity 1 — Human only (k=%d, N=%d):\n",
            meta_sens_human$k, sum(data_human$Total)))
cat(sprintf("  Pooled = %.1f%% [%.1f%%–%.1f%%]  I²=%.1f%%\n",
            bt_human["pool"], bt_human["lower"],
            bt_human["upper"], bt_human["i2"]))

# 5b. Non-human studies only
data_nonhuman <- filter(data, Host_Group != "Human")
meta_sens_nonhuman <- metaprop(
  event = Events, n = Total, studlab = Study,
  data = data_nonhuman, method = "GLMM", sm = "PLOGIT",
  method.tau = "ML", prediction = TRUE
)
bt_nh <- backtrans(meta_sens_nonhuman)
cat(sprintf("\nSensitivity 2 — Non-human only (k=%d, N=%d):\n",
            meta_sens_nonhuman$k, sum(data_nonhuman$Total)))
cat(sprintf("  Pooled = %.1f%% [%.1f%%–%.1f%%]  I²=%.1f%%\n",
            bt_nh["pool"], bt_nh["lower"],
            bt_nh["upper"], bt_nh["i2"]))

# 5c. High quality studies only
data_hq <- filter(data, JBI_Quality == "High")
meta_sens_hq <- metaprop(
  event = Events, n = Total, studlab = Study,
  data = data_hq, method = "GLMM", sm = "PLOGIT",
  method.tau = "ML", prediction = TRUE
)
bt_hq <- backtrans(meta_sens_hq)
cat(sprintf("\nSensitivity 3 — High quality only (k=%d, N=%d):\n",
            meta_sens_hq$k, sum(data_hq$Total)))
cat(sprintf("  Pooled = %.1f%% [%.1f%%–%.1f%%]  I²=%.1f%%\n",
            bt_hq["pool"], bt_hq["lower"],
            bt_hq["upper"], bt_hq["i2"]))

# -----------------------------------------------------------------------------
# 5d. Excluding studies from low-indexed/questionable journals
# # -----------------------------------------------------------------------------
low_index_journal_studies <- c(
  "Abdullahi, 2015",
  "Jasada et al., 2022",
  "Philip et al., 2025"
)

# Sanity check: confirm these labels actually exist in the data before pooling
missing_labels <- setdiff(low_index_journal_studies, unique(data$Study))
if (length(missing_labels) > 0) {
  cat("\nWARNING: The following labels were not found in data$Study — fix before proceeding:\n")
  print(missing_labels)
}

data_excl_lowindex <- filter(data, !(Study %in% low_index_journal_studies))

meta_sens_lowindex <- metaprop(
  event = Events, n = Total, studlab = Study,
  data = data_excl_lowindex, method = "GLMM", sm = "PLOGIT",
  method.tau = "ML", prediction = TRUE
)
bt_li <- backtrans(meta_sens_lowindex)

n_excluded_arms <- nrow(data) - nrow(data_excl_lowindex)

cat(sprintf("\nSensitivity 4 — Excluding low-indexed journal studies (k=%d, N=%d, arms excluded=%d):\n",
            meta_sens_lowindex$k, sum(data_excl_lowindex$Total), n_excluded_arms))
cat(sprintf("  Pooled = %.1f%% [%.1f%%–%.1f%%]  I²=%.1f%%\n",
            bt_li["pool"], bt_li["lower"],
            bt_li["upper"], bt_li["i2"]))
cat(sprintf("  Compare to primary estimate: %.1f%% [%.1f%%–%.1f%%]\n",
            overall_est, overall_lower, overall_upper))

# =============================================================================
# 6. LEAVE-ONE-OUT ANALYSIS
# =============================================================================
cat("\n=== LEAVE-ONE-OUT ANALYSIS ===\n")
loo     <- metainf(meta_overall, pooled = "random")
loo_pct <- exp(loo$TE) / (1 + exp(loo$TE)) * 100
loo_lower <- exp(loo$lower) / (1 + exp(loo$lower)) * 100
loo_upper <- exp(loo$upper) / (1 + exp(loo$upper)) * 100

cat(sprintf("LOO pooled estimate range: %.1f%% to %.1f%%\n",
            min(loo_pct, na.rm = TRUE), max(loo_pct, na.rm = TRUE)))

influential <- which(abs(loo_pct - overall_est) > 1.0)
if (length(influential) > 0) {
  cat("Potentially influential arms (>1% change in pooled estimate):\n")
  for (i in influential) {
    cat(sprintf("  %s: %.1f%%\n", data$Study[i], loo_pct[i]))
  }
} else {
  cat("No single arm exerts undue influence (all within +/-1% of overall)\n")
}

# Save LOO table
loo_table <- data.frame(
  Arm_excluded        = data$Study,
  Reference           = paste0("[", data$Study_ID, "]"),
  Host                = data$Host,
  Host_Group          = data$Host_Group,
  Geopolitical_Zone   = data$Geopolitical_Zone,
  Year_of_Sampling    = data$Year_of_Sampling,
  N_tested            = data$Total,
  Events              = data$Events,
  Observed_pct        = round(data$Events / data$Total * 100, 2),
  Pooled_without_arm  = round(loo_pct, 2),
  CI_lower            = round(loo_lower, 2),
  CI_upper            = round(loo_upper, 2),
  Change_from_overall = round(loo_pct - overall_est, 2),
  Pooled_CI           = sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
                                round(loo_pct, 1),
                                round(loo_lower, 1),
                                round(loo_upper, 1)),
  stringsAsFactors = FALSE
)

# Sort by pooled estimate without that arm (ascending)
loo_table <- loo_table[order(loo_table$Pooled_without_arm), ]

# Flag any arm with >1% change
loo_table$Influential <- ifelse(
  abs(loo_table$Change_from_overall) > 1.0, "Yes", "No"
)

write_xlsx(list(LeaveOneOut_S3 = loo_table), "S3_LeaveOneOut.xlsx")
cat("Saved: S3_LeaveOneOut.xlsx\n")
cat(sprintf("Overall pooled (reference): %.1f%%\n", overall_est))
cat(sprintf("LOO min: %.1f%% | LOO max: %.1f%%\n",
            min(loo_table$Pooled_without_arm, na.rm=TRUE),
            max(loo_table$Pooled_without_arm, na.rm=TRUE)))
cat(sprintf("Arms flagged as influential (>1%% shift): %d\n",
            sum(loo_table$Influential == "Yes")))

# =============================================================================
# 7. PUBLICATION BIAS
# =============================================================================
cat("\n=== PUBLICATION BIAS ===\n")

# 7a. Egger's test
egger <- metabias(meta_overall, method.bias = "linreg")
cat("\nEgger's test:\n")
print(egger)

# 7b. Begg's test
begg <- metabias(meta_overall, method.bias = "rank")
cat("\nBegg's test:\n")
print(begg)

# 7c. Trim-and-fill
cat("\nTrim-and-fill analysis:\n")
tf      <- trimfill(meta_overall)
print(summary(tf))
tf_est   <- round(exp(tf$TE.random) / (1 + exp(tf$TE.random)) * 100, 1)
tf_lower <- round(exp(tf$lower.random) / (1 + exp(tf$lower.random)) * 100, 1)
tf_upper <- round(exp(tf$upper.random) / (1 + exp(tf$upper.random)) * 100, 1)
cat(sprintf("Trim-and-fill adjusted estimate: %.1f%% (95%% CI: %.1f%%–%.1f%%)\n",
            tf_est, tf_lower, tf_upper))
cat(sprintf("Number of studies trimmed: %d\n", tf$k0))

# =============================================================================
# 8. MULTILEVEL RANDOM-EFFECTS MODEL
# 3-level model: arm nested within study
# Accounts for statistical dependence of arms from the same study
# =============================================================================
cat("\n=== MULTILEVEL MODEL (3-LEVEL: arm within study) ===\n")
data$arm_id <- seq_len(nrow(data))

ml_model <- rma.mv(
  yi     = logit_p,
  V      = var_logit,
  random = ~ 1 | Study_ID / arm_id,
  data   = data,
  method = "ML"
)
print(ml_model)

ml_est   <- round(exp(ml_model$b) / (1 + exp(ml_model$b)) * 100, 1)
ml_lower <- round(exp(ml_model$ci.lb) / (1 + exp(ml_model$ci.lb)) * 100, 1)
ml_upper <- round(exp(ml_model$ci.ub) / (1 + exp(ml_model$ci.ub)) * 100, 1)
cat(sprintf("\nMultilevel pooled prevalence: %.1f%% (95%% CI: %.1f%%–%.1f%%)\n",
            ml_est, ml_lower, ml_upper))

sigma2 <- ml_model$sigma2
cat(sprintf("Between-study variance (sigma2_study): %.4f\n", sigma2[1]))
cat(sprintf("Within-study variance  (sigma2_arm):   %.4f\n", sigma2[2]))
cat(sprintf("ICC (proportion at study level): %.3f\n",
            sigma2[1] / (sigma2[1] + sigma2[2])))

# =============================================================================
# 9. BUILD AND SAVE PREVALENCE RESULTS TABLE
# =============================================================================
cat("\n=== BUILDING PREVALENCE RESULTS TABLE ===\n")

extract_subgroup_table <- function(meta_obj, subgroup_label) {
  results <- data.frame()
  sg_names <- levels(factor(meta_obj$subgroup))

  for (sg in sg_names) {
    idx <- which(meta_obj$subgroup == sg)
    if (length(idx) < 2) next

    sub_data <- data.frame(
      event = meta_obj$event[idx],
      n     = meta_obj$n[idx],
      study = meta_obj$studlab[idx]
    )

    tryCatch({
      m_sub <- metaprop(
        event = event, n = n, studlab = study,
        data = sub_data, method = "GLMM", sm = "PLOGIT",
        method.tau = "ML"
      )
      pool <- round(exp(m_sub$TE.random) /
                      (1 + exp(m_sub$TE.random)) * 100, 1)
      cil  <- round(exp(m_sub$lower.random) /
                      (1 + exp(m_sub$lower.random)) * 100, 1)
      ciu  <- round(exp(m_sub$upper.random) /
                      (1 + exp(m_sub$upper.random)) * 100, 1)

      results <- rbind(results, data.frame(
        Subgroup        = subgroup_label,
        Category        = sg,
        k               = m_sub$k,
        N               = sum(sub_data$n),
        Events          = sum(sub_data$event),
        Pooled_pct      = pool,
        CI_lower        = cil,
        CI_upper        = ciu,
        Pooled_CI       = sprintf("%.1f%% (%.1f%%\u2013%.1f%%)", pool, cil, ciu),
        I2_pct          = round(m_sub$I2 * 100, 1),
        I2_display      = sprintf("%.1f%%", round(m_sub$I2 * 100, 1)),
        tau2            = round(m_sub$tau^2, 4),
        p_heterogeneity = round(m_sub$pval.Q, 4),
        stringsAsFactors = FALSE
      ))
    }, error = function(e) {
      cat(sprintf("  Skipped subgroup '%s': %s\n", sg, e$message))
    })
  }
  return(results)
}

tbl_host   <- extract_subgroup_table(meta_host,   "Host Group")
tbl_zone   <- extract_subgroup_table(meta_zone,   "Geopolitical Zone")
tbl_period <- extract_subgroup_table(meta_period, "Study Period")
tbl_sample <- extract_subgroup_table(meta_sample, "Sample Type")
tbl_method <- extract_subgroup_table(meta_method, "Detection Method")

# Overall row
overall_row <- data.frame(
  Subgroup        = "Overall",
  Category        = "All arms",
  k               = k_val,
  N               = sum(data$Total),
  Events          = sum(data$Events),
  Pooled_pct      = overall_est,
  CI_lower        = overall_lower,
  CI_upper        = overall_upper,
  Pooled_CI       = sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
                            overall_est, overall_lower, overall_upper),
  I2_pct          = i2_val,
  I2_display      = sprintf("%.1f%%", i2_val),
  tau2            = tau2_val,
  p_heterogeneity = round(meta_overall$pval.Q, 4),
  stringsAsFactors = FALSE
)

# Sensitivity rows
sens_rows <- data.frame(
  Subgroup        = c("Sensitivity", "Sensitivity", "Sensitivity", "Sensitivity"),
  Category        = c("Human studies only",
                      "Non-human studies only",
                      "High quality only (JBI High)",
                      "Excluding low-indexed journal studies"),
  k               = c(meta_sens_human$k,
                      meta_sens_nonhuman$k,
                      meta_sens_hq$k,
                      meta_sens_lowindex$k),
  N               = c(sum(data_human$Total),
                      sum(data_nonhuman$Total),
                      sum(data_hq$Total),
                      sum(data_excl_lowindex$Total)),
  Events          = c(sum(data_human$Events),
                      sum(data_nonhuman$Events),
                      sum(data_hq$Events),
                      sum(data_excl_lowindex$Events)),
  Pooled_pct      = c(bt_human["pool"], bt_nh["pool"], bt_hq["pool"], bt_li["pool"]),
  CI_lower        = c(bt_human["lower"], bt_nh["lower"], bt_hq["lower"], bt_li["lower"]),
  CI_upper        = c(bt_human["upper"], bt_nh["upper"], bt_hq["upper"], bt_li["upper"]),
  Pooled_CI       = c(
    sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
            bt_human["pool"], bt_human["lower"], bt_human["upper"]),
    sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
            bt_nh["pool"], bt_nh["lower"], bt_nh["upper"]),
    sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
            bt_hq["pool"], bt_hq["lower"], bt_hq["upper"]),
    sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
            bt_li["pool"], bt_li["lower"], bt_li["upper"])
  ),
  I2_pct          = c(bt_human["i2"], bt_nh["i2"], bt_hq["i2"], bt_li["i2"]),
  I2_display      = c(sprintf("%.1f%%", bt_human["i2"]),
                      sprintf("%.1f%%", bt_nh["i2"]),
                      sprintf("%.1f%%", bt_hq["i2"]),
                      sprintf("%.1f%%", bt_li["i2"])),
  tau2            = c(round(meta_sens_human$tau^2, 4),
                      round(meta_sens_nonhuman$tau^2, 4),
                      round(meta_sens_hq$tau^2, 4),
                      round(meta_sens_lowindex$tau^2, 4)),
  p_heterogeneity = c(round(meta_sens_human$pval.Q, 4),
                      round(meta_sens_nonhuman$pval.Q, 4),
                      round(meta_sens_hq$pval.Q, 4),
                      round(meta_sens_lowindex$pval.Q, 4)),
  stringsAsFactors = FALSE
)

# Combine all — distinct() removes duplicate rows from subgroup extraction
prevalence_table <- bind_rows(
  overall_row, tbl_host, tbl_zone,
  tbl_period, tbl_sample, tbl_method, sens_rows
) %>%
  distinct() %>%
  group_by(Subgroup, Category) %>%
  slice(1) %>%
  ungroup()

cat("\nPrevalence Table Preview:\n")
print(prevalence_table[, c("Subgroup", "Category", "k", "N",
                            "Events", "Pooled_CI", "I2_display",
                            "tau2", "p_heterogeneity")])

write_xlsx(
  list(Prevalence_Summary = prevalence_table),
  "Table1_Prevalence_Summary.xlsx"
)
cat("\nSaved: Table1_Prevalence_Summary.xlsx\n")

# =============================================================================
# 10. FOREST PLOTS - PREVALENCE
# All saved directly to working directory
# =============================================================================
cat("\n=== GENERATING PREVALENCE FOREST PLOTS ===\n")

save_forest <- function(meta_obj, filename, title_text,
                        width = 14, height = NULL) {
  k_n <- meta_obj$k
  if (is.null(height)) height <- max(5, k_n * 0.22 + 3)
  png(filename, width = width, height = height,
      units = "in", res = 200)
  forest(
    meta_obj,
    common         = FALSE,
    sortvar        = TE,
    prediction     = TRUE,
    print.tau2     = TRUE,
    print.I2       = TRUE,
    leftcols       = c("studlab", "event", "n"),
    leftlabs       = c("Study", "Events", "Total"),
    rightcols      = c("effect", "ci"),
    rightlabs      = c("Prevalence", "95% CI"),
    col.diamond    = "steelblue",
    col.predict    = "darkred",
    fontsize       = 8,
    spacing        = 0.7,
    main           = title_text
  )
  dev.off()
  cat(sprintf("Saved: %s\n", filename))
}

save_forest(meta_overall,
            "S1_Overall_Prevalence.png",
            "Overall NTS Prevalence — Nigeria (k=100 arms, 50 studies)",
            height = 30)

save_forest(meta_host,
            "S2_Prevalence_by_Host.png",
            "NTS Prevalence by Host Group",
            height = 35)

save_forest(meta_zone,
            "S3_Prevalence_by_Zone.png",
            "NTS Prevalence by Geopolitical Zone",
            height = 35)

save_forest(meta_period,
            "S4_Prevalence_by_StudyPeriod.png",
            "NTS Prevalence by Study Period (2004-2015 / 2016-2020 / 2021-2025)",
            height = 35)

save_forest(meta_sample,
            "S5_Prevalence_by_SampleType.png",
            "NTS Prevalence by Sample Type",
            height = 35)

save_forest(meta_method,
            "S6_Prevalence_by_DetectionMethod.png",
            "NTS Prevalence by Detection Method",
            height = 35)

save_forest(meta_sens_human,
            "S7_Sensitivity_HumanOnly.png",
            "Sensitivity 1 — Human Studies Only",
            height = 15)

save_forest(meta_sens_nonhuman,
            "S8_Sensitivity_NonHumanOnly.png",
            "Sensitivity 2 — Non-Human Studies Only",
            height = 25)

save_forest(meta_sens_hq,
            "S9_Sensitivity_HighQualityOnly.png",
            "Sensitivity 3 — High Quality Studies Only (JBI = High)",
            height = 28)

# Funnel plot with trim-and-fill
png("S10_Funnel_TrimFill.png", width = 8, height = 6,
    units = "in", res = 200)
funnel(tf,
       xlab = "Logit Prevalence",
       main = "Funnel Plot with Trim-and-Fill Adjustment",
       col  = "steelblue",
       bg   = "lightblue",
       pch  = 21)
dev.off()
cat("Saved: S10_Funnel_TrimFill.png\n")

# =============================================================================
# 11. AMR ANALYSIS
# =============================================================================
cat("\n\n=== AMR ANALYSIS ===\n")

amr <- read.csv("NTS_AMR_Data_cleaned.csv",
                stringsAsFactors = FALSE)
amr$n_resistant <- as.numeric(amr$n_resistant)
amr$n_tested    <- as.numeric(amr$n_tested)

cat(sprintf("AMR rows:        %d\n", nrow(amr)))
cat(sprintf("AMR studies:     %d\n", length(unique(amr$Study))))
cat(sprintf("Antibiotics:     %d\n", length(unique(amr$Antibiotic))))

# Antibiotics eligible for pooling (k >= 2)
antibiotics_pool <- amr %>%
  group_by(Antibiotic, Antibiotic_Class) %>%
  summarise(k = n_distinct(Study), .groups = "drop") %>%
  filter(k >= 2) %>%
  arrange(Antibiotic_Class, Antibiotic)

cat(sprintf("Eligible for pooling (k>=2): %d antibiotics\n",
            nrow(antibiotics_pool)))

# -----------------------------------------------------------------------------
# 11a. OVERALL POOLED AMR PER ANTIBIOTIC
# -----------------------------------------------------------------------------
amr_results <- data.frame()

for (ab in antibiotics_pool$Antibiotic) {
  ab_data  <- filter(amr, Antibiotic == ab)
  ab_class <- ab_data$Antibiotic_Class[1]
  k_ab     <- n_distinct(ab_data$Study)

  tryCatch({
    m <- metaprop(
      event      = n_resistant,
      n          = n_tested,
      studlab    = Study,
      data       = ab_data,
      method     = "GLMM",
      sm         = "PLOGIT",
      method.tau = "ML"
    )
    pool <- round(exp(m$TE.random) / (1 + exp(m$TE.random)) * 100, 1)
    cil  <- round(exp(m$lower.random) / (1 + exp(m$lower.random)) * 100, 1)
    ciu  <- round(exp(m$upper.random) / (1 + exp(m$upper.random)) * 100, 1)
    i2   <- round(m$I2 * 100, 1)

    # Flag unstable estimates per reviewer comments
    flag <- ""
    if (k_ab == 2)        flag <- "Interpret with caution (k=2)"
    if ((ciu - cil) > 60) flag <- paste(flag, "| Very wide CI")
    flag <- trimws(flag)

    amr_results <- rbind(amr_results, data.frame(
      Antibiotic       = ab,
      Antibiotic_Class = ab_class,
      k                = k_ab,
      N_tested         = sum(ab_data$n_tested,    na.rm = TRUE),
      N_resistant      = sum(ab_data$n_resistant, na.rm = TRUE),
      Pooled_pct       = pool,
      CI_lower         = cil,
      CI_upper         = ciu,
      Pooled_CI        = sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
                                 pool, cil, ciu),
      I2_pct           = i2,
      I2_display       = sprintf("%.1f%%", i2),
      tau2             = round(m$tau^2, 4),
      Flag             = flag,
      stringsAsFactors = FALSE
    ))
  }, error = function(e) {
    cat(sprintf("  WARNING: Could not pool %s: %s\n", ab, e$message))
  })
}

cat("\n=== AMR POOLED RESULTS ===\n")
print(amr_results[, c("Antibiotic", "Antibiotic_Class", "k",
                       "N_tested", "N_resistant",
                       "Pooled_CI", "I2_display", "Flag")])

write_xlsx(list(AMR_Pooled = amr_results),
           "Table2_AMR_Pooled.xlsx")
cat("\nSaved: Table2_AMR_Pooled.xlsx\n")

# -----------------------------------------------------------------------------
# 11b. AMR SUBGROUP — HUMAN vs NON-HUMAN (Reviewer 2, Comment 4)
# Key antibiotics only
# -----------------------------------------------------------------------------
key_abs <- c("Ciprofloxacin", "Tetracycline", "Ampicillin",
             "Trimethoprim-sulfamethoxazole (SXT)",
             "Chloramphenicol", "Nalidixic acid",
             "Gentamicin", "Ceftriaxone", "Ceftazidime",
             "Azithromycin", "Streptomycin")

amr$Human_vs_NonHuman <- ifelse(
  amr$Source_Category == "Human", "Human", "Non-human"
)

cat("\n=== AMR SUBGROUP: HUMAN vs NON-HUMAN ===\n")
amr_hnh <- data.frame()

for (ab in key_abs) {
  ab_data <- filter(amr, Antibiotic == ab)
  if (nrow(ab_data) < 2) next

  for (grp in c("Human", "Non-human")) {
    grp_data <- filter(ab_data, Human_vs_NonHuman == grp)
    if (n_distinct(grp_data$Study) < 2) next

    tryCatch({
      m <- metaprop(
        event = n_resistant, n = n_tested, studlab = Study,
        data = grp_data, method = "GLMM", sm = "PLOGIT",
        method.tau = "ML"
      )
      pool <- round(exp(m$TE.random) / (1 + exp(m$TE.random)) * 100, 1)
      cil  <- round(exp(m$lower.random) / (1 + exp(m$lower.random)) * 100, 1)
      ciu  <- round(exp(m$upper.random) / (1 + exp(m$upper.random)) * 100, 1)

      amr_hnh <- rbind(amr_hnh, data.frame(
        Antibiotic = ab,
        Source     = grp,
        k          = n_distinct(grp_data$Study),
        N_tested   = sum(grp_data$n_tested,    na.rm = TRUE),
        N_resistant= sum(grp_data$n_resistant, na.rm = TRUE),
        Pooled_pct = pool,
        CI_lower   = cil,
        CI_upper   = ciu,
        Pooled_CI  = sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
                             pool, cil, ciu),
        I2_pct     = round(m$I2 * 100, 1),
        stringsAsFactors = FALSE
      ))
    }, error = function(e) NULL)
  }
}

cat("\nAMR Human vs Non-human:\n")
print(amr_hnh)
write_xlsx(list(AMR_Human_NonHuman = amr_hnh),
           "Table3_AMR_Human_vs_NonHuman.xlsx")
cat("Saved: Table3_AMR_Human_vs_NonHuman.xlsx\n")

# -----------------------------------------------------------------------------
# 11b-ii. AMR SUBGROUP — HUMAN INVASIVE (BLOOD) vs HUMAN GI (STOOL/FAECES)
# -----------------------------------------------------------------------------
cat("\n=== AMR SUBGROUP: HUMAN INVASIVE vs HUMAN GI ===\n")

human_amr <- filter(amr, Source_Category == "Human")

stopifnot(all(c("Invasive", "GI") %in% unique(human_amr$Invasive_GI)))

human_amr$Invasive_vs_GI <- case_when(
  human_amr$Invasive_GI == "Invasive" ~ "Invasive (Blood)",
  human_amr$Invasive_GI == "GI"       ~ "GI (Stool/Faeces)",
  TRUE                                ~ NA_character_
)

n_unclassified <- sum(is.na(human_amr$Invasive_vs_GI))
if (n_unclassified > 0) {
  cat(sprintf("\nWARNING: %d human AMR rows have missing/unrecognised Invasive_GI values:\n",
              n_unclassified))
  print(human_amr[is.na(human_amr$Invasive_vs_GI),
                  c("Study", "Antibiotic", "Host", "Sample_Type", "Invasive_GI")])
}

cat("\nHuman AMR arms by invasive vs GI classification (from curated column):\n")
print(table(human_amr$Invasive_vs_GI, useNA = "ifany"))

amr_inv_gi <- data.frame()

for (ab in key_abs) {
  ab_data <- filter(human_amr, Antibiotic == ab)
  if (nrow(ab_data) < 2) next

  for (grp in c("Invasive (Blood)", "GI (Stool/Faeces)")) {
    grp_data <- filter(ab_data, Invasive_vs_GI == grp)
    if (n_distinct(grp_data$Study) < 2) next

    tryCatch({
      m <- metaprop(
        event = n_resistant, n = n_tested, studlab = Study,
        data = grp_data, method = "GLMM", sm = "PLOGIT",
        method.tau = "ML"
      )
      pool <- round(exp(m$TE.random) / (1 + exp(m$TE.random)) * 100, 1)
      cil  <- round(exp(m$lower.random) / (1 + exp(m$lower.random)) * 100, 1)
      ciu  <- round(exp(m$upper.random) / (1 + exp(m$upper.random)) * 100, 1)

      amr_inv_gi <- rbind(amr_inv_gi, data.frame(
        Antibiotic    = ab,
        Human_Subtype = grp,
        k             = n_distinct(grp_data$Study),
        N_tested      = sum(grp_data$n_tested,    na.rm = TRUE),
        N_resistant   = sum(grp_data$n_resistant, na.rm = TRUE),
        Pooled_pct    = pool,
        CI_lower      = cil,
        CI_upper      = ciu,
        Pooled_CI     = sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
                                pool, cil, ciu),
        I2_pct        = round(m$I2 * 100, 1),
        stringsAsFactors = FALSE
      ))
    }, error = function(e) NULL)
  }
}

if (nrow(amr_inv_gi) > 0) {
  cat("\nAMR Human Invasive vs GI:\n")
  print(amr_inv_gi)
  write_xlsx(list(AMR_Invasive_vs_GI = amr_inv_gi),
             "Table3b_AMR_Invasive_vs_GI.xlsx")
  cat("Saved: Table3b_AMR_Invasive_vs_GI.xlsx\n")
} else {
  cat("  Note: Insufficient data for invasive vs GI subgroup\n")
  cat("  Check Invasive_GI column in AMR dataset for missing/unexpected values\n")
}

# -----------------------------------------------------------------------------
# 11c. AMR SUBGROUP — BREAKPOINT STANDARD
# -----------------------------------------------------------------------------
cat("\n=== AMR SUBGROUP: BREAKPOINT STANDARD ===\n")
amr_bp <- data.frame()

for (ab in key_abs) {
  ab_data <- filter(amr, Antibiotic == ab)
  for (bp in c("CLSI", "EUCAST", "MIXED")) {
    bp_data <- filter(ab_data, Breakpoint == bp)
    if (n_distinct(bp_data$Study) < 2) next
    tryCatch({
      m <- metaprop(
        event = n_resistant, n = n_tested, studlab = Study,
        data = bp_data, method = "GLMM", sm = "PLOGIT",
        method.tau = "ML"
      )
      pool <- round(exp(m$TE.random) / (1 + exp(m$TE.random)) * 100, 1)
      cil  <- round(exp(m$lower.random) / (1 + exp(m$lower.random)) * 100, 1)
      ciu  <- round(exp(m$upper.random) / (1 + exp(m$upper.random)) * 100, 1)
      amr_bp <- rbind(amr_bp, data.frame(
        Antibiotic = ab,
        Breakpoint = bp,
        k          = n_distinct(bp_data$Study),
        N_tested   = sum(bp_data$n_tested,    na.rm = TRUE),
        N_resistant= sum(bp_data$n_resistant, na.rm = TRUE),
        Pooled_pct = pool,
        CI_lower   = cil,
        CI_upper   = ciu,
        Pooled_CI  = sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
                             pool, cil, ciu),
        I2_pct     = round(m$I2 * 100, 1),
        stringsAsFactors = FALSE
      ))
    }, error = function(e) NULL)
  }
}

print(amr_bp)
write_xlsx(list(AMR_Breakpoint = amr_bp),
           "Table4_AMR_by_Breakpoint.xlsx")
cat("Saved: Table4_AMR_by_Breakpoint.xlsx\n")

# -----------------------------------------------------------------------------
# 11d. AMR SUBGROUP — AST METHOD
# -----------------------------------------------------------------------------
cat("\n=== AMR SUBGROUP: AST METHOD ===\n")
amr_meth <- data.frame()

for (ab in key_abs) {
  ab_data <- filter(amr, Antibiotic == ab)
  for (meth in c("Disk diffusion", "MIC", "Disk diffusion + MIC")) {
    m_data <- filter(ab_data, Method == meth)
    if (n_distinct(m_data$Study) < 2) next
    tryCatch({
      m <- metaprop(
        event = n_resistant, n = n_tested, studlab = Study,
        data = m_data, method = "GLMM", sm = "PLOGIT",
        method.tau = "ML"
      )
      pool <- round(exp(m$TE.random) / (1 + exp(m$TE.random)) * 100, 1)
      cil  <- round(exp(m$lower.random) / (1 + exp(m$lower.random)) * 100, 1)
      ciu  <- round(exp(m$upper.random) / (1 + exp(m$upper.random)) * 100, 1)
      amr_meth <- rbind(amr_meth, data.frame(
        Antibiotic  = ab,
        AST_Method  = meth,
        k           = n_distinct(m_data$Study),
        N_tested    = sum(m_data$n_tested,    na.rm = TRUE),
        N_resistant = sum(m_data$n_resistant, na.rm = TRUE),
        Pooled_pct  = pool,
        CI_lower    = cil,
        CI_upper    = ciu,
        Pooled_CI   = sprintf("%.1f%% (%.1f%%\u2013%.1f%%)",
                              pool, cil, ciu),
        I2_pct      = round(m$I2 * 100, 1),
        stringsAsFactors = FALSE
      ))
    }, error = function(e) NULL)
  }
}

print(amr_meth)
write_xlsx(list(AMR_ASTMethod = amr_meth),
           "Table5_AMR_by_ASTMethod.xlsx")
cat("Saved: Table5_AMR_by_ASTMethod.xlsx\n")

# -----------------------------------------------------------------------------
# 11e. AMR PUBLICATION BIAS — Egger's test for k >= 10
# -----------------------------------------------------------------------------
cat("\n=== AMR PUBLICATION BIAS (Egger's test, k>=10) ===\n")
bias_abs <- amr_results %>% filter(k >= 10) %>% pull(Antibiotic)

amr_bias_results <- data.frame()
for (ab in bias_abs) {
  ab_data <- filter(amr, Antibiotic == ab)
  tryCatch({
    m <- metaprop(
      event = n_resistant, n = n_tested, studlab = Study,
      data = ab_data, method = "GLMM", sm = "PLOGIT",
      method.tau = "ML"
    )
    bias <- metabias(m, method.bias = "linreg")
    cat(sprintf("  %-45s t=%.2f, df=%d, p=%.4f\n",
                ab, bias$statistic,
                bias$parameters, bias$p.value))
    amr_bias_results <- rbind(amr_bias_results, data.frame(
      Antibiotic = ab,
      k          = m$k,
      t_stat     = round(bias$statistic, 3),
      p_value    = round(bias$p.value, 4),
      stringsAsFactors = FALSE
    ))
  }, error = function(e) NULL)
}

# -----------------------------------------------------------------------------
# 11f. AMR FOREST PLOTS — One per antibiotic (k >= 2)
# -----------------------------------------------------------------------------
cat("\n=== AMR FOREST PLOTS ===\n")

for (ab in antibiotics_pool$Antibiotic) {
  ab_data  <- filter(amr, Antibiotic == ab)
  ab_class <- ab_data$Antibiotic_Class[1]
  k_ab     <- n_distinct(ab_data$Study)
  height   <- max(4, k_ab * 0.3 + 3)

  tryCatch({
    m <- metaprop(
      event = n_resistant, n = n_tested, studlab = Study,
      data = ab_data, method = "GLMM", sm = "PLOGIT",
      method.tau = "ML"
    )
    safe_name <- gsub("[^A-Za-z0-9_]", "_", ab)
    fname <- sprintf("AMR_%s.png", safe_name)

    png(fname, width = 12, height = height, units = "in", res = 180)
    forest(
      m,
      common         = FALSE,
      sortvar        = TE,
      leftcols       = c("studlab", "event", "n"),
      leftlabs       = c("Study", "Resistant", "Tested"),
      rightcols      = c("effect", "ci"),
      rightlabs      = c("Resistance %", "95% CI"),
      col.diamond    = "firebrick",
      fontsize       = 8,
      spacing        = 0.75,
      main           = sprintf("%s Resistance — Nigeria (%s, k=%d)",
                               ab, ab_class, k_ab)
    )
    dev.off()
    cat(sprintf("  Saved: %s\n", fname))
  }, error = function(e) {
    cat(sprintf("  WARNING: Could not plot %s: %s\n", ab, e$message))
  })
}

# =============================================================================
# 12. FINAL SUMMARY
# =============================================================================
cat("\n\n")
cat("================================================================\n")
cat("  ANALYSIS COMPLETE — SUMMARY OF KEY RESULTS\n")
cat("================================================================\n")
cat(sprintf("  Prevalence arms (k):   %d\n", k_val))
cat(sprintf("  Studies:               %d\n",
            length(unique(data$Study_ID))))
cat(sprintf("  Total N:               %d\n", sum(data$Total)))
cat(sprintf("  Total Events:          %d\n", sum(data$Events)))
cat(sprintf("\n  Overall pooled:        %.1f%% (95%% CI: %.1f%%–%.1f%%)\n",
            overall_est, overall_lower, overall_upper))
cat(sprintf("  Prediction interval:   %.1f%% to %.1f%%\n",
            pi_lower, pi_upper))
cat(sprintf("  I²:                    %.1f%%\n", i2_val))
cat(sprintf("  tau²:                  %.4f\n", tau2_val))
cat(sprintf("\n  Multilevel estimate:   %.1f%% (95%% CI: %.1f%%–%.1f%%)\n",
            ml_est, ml_lower, ml_upper))
cat(sprintf("  Trim-and-fill:         %.1f%% (studies trimmed: %d)\n",
            tf_est, tf$k0))
cat(sprintf("\n  AMR antibiotics pooled: %d (from %d studies)\n",
            nrow(amr_results), length(unique(amr$Study))))
cat("\n  Files saved to your working directory:\n")
cat("    Table1_Prevalence_Summary.xlsx\n")
cat("    Table2_AMR_Pooled.xlsx\n")
cat("    Table3_AMR_Human_vs_NonHuman.xlsx\n")
cat("    Table4_AMR_by_Breakpoint.xlsx\n")
cat("    Table5_AMR_by_ASTMethod.xlsx\n")
cat("    S1-S10 forest/funnel plots (.png)\n")
cat("    AMR_*.png forest plots (one per antibiotic)\n")
cat("================================================================\n")
