# ==================================================
# 1. Package Loading
# ==================================================
library(tidyverse)
library(survival)
library(survminer)
library(rms)
library(pROC)
library(mstate)
library(survIDINRI)
library(compareC)
library(CMAverse)
library(broom)
library(writexl)
library(patchwork)
# ==================================================
# 2. Variable Definitions and Model Specifications
# ==================================================
exposure_vars <- c(
  "TyG",
  "TyG_BMI",
  "TyG_WC",
  "TyG_WHtR",
  "TyG_BRI",
  "TyG_ABSI",
  "TyG_VAI",
  "TyG_WWI",
  "TG_HDL_Ratio"
)

exposure_labels <- c(
  TyG = "TyG",
  TyG_BMI = "TyG-BMI",
  TyG_WC = "TyG-WC",
  TyG_WHtR = "TyG-WHtR",
  TyG_BRI = "TyG-BRI",
  TyG_ABSI = "TyG-ABSI",
  TyG_VAI = "TyG-VAI",
  TyG_WWI = "TyG-WWI",
  TG_HDL_Ratio = "TG/HDL-C Ratio"
)

mediator_vars <- c(
  "CRP",
  "WBC",
  "Neutrophil",
  "Monocyte",
  "Lymphocyte",
  "Platelet",
  "ALT",
  "ALP",
  "AST",
  "GGT",
  "Total_Bili",
  "Albumin",
  "Cystatin_C",
  "Creatinine",
  "Urate",
  "Urea"
)

covariates_model1 <- c(
  "age",
  "sex",
  "race",
  "edu",
  "tdi"
)

covariates_model2 <- c(
  covariates_model1,
  "drink1",
  "smoke1",
  "pa"
)

covariates_model3 <- c(
  covariates_model2,
  "hyper",
  "cancer",
  "med_cholesterol",
  "med_bp",
  "fam_dis"
)

model_list <- list(
  "Model 1" = covariates_model1,
  "Model 2" = covariates_model2,
  "Model 3" = covariates_model3
)
# ==================================================
# 3. Construction of the Analysis Dataset
# ==================================================
clmm_analysis_set <- analysis_data %>%
  rename(
    first_clmd_status = mm1,
    first_clmd_time_days = mm1_time,
    clmm_status = mm2,
    clmm_time_days = mm2_time,
    double_clmd_status = mm2s,
    double_clmd_time_days = mm2s_time,
    triple_clmd_status = mm3,
    triple_clmd_time_days = mm3_time,
    death_status = death,
    death_time_days = death_time
  ) %>%
  mutate(
    first_clmd_time_years = first_clmd_time_days / 365.25,
    clmm_time_years = clmm_time_days / 365.25,
    double_clmd_time_years = double_clmd_time_days / 365.25,
    triple_clmd_time_years = triple_clmd_time_days / 365.25,
    death_time_years = death_time_days / 365.25
  ) %>%
  mutate(
    across(
      all_of(exposure_vars),
      ~ factor(ntile(.x, 4), levels = 1:4, labels = c("Q1", "Q2", "Q3", "Q4")),
      .names = "{.col}_quartile"
    )
  )
# ==================================================
# 4. Outcome Definitions and Cox Regression Analyses
# ==================================================
survival_outcomes <- tibble(
  outcome_label = c("CLMM", "Double CLMD", "Triple CLMD"),
  outcome_status = c("clmm_status", "double_clmd_status", "triple_clmd_status"),
  outcome_time = c("clmm_time_years", "double_clmd_time_years", "triple_clmd_time_years")
)

cox_linear_results <- expand_grid(
  exposure = exposure_vars,
  outcome_label = survival_outcomes$outcome_label,
  outcome_status = survival_outcomes$outcome_status,
  outcome_time = survival_outcomes$outcome_time,
  model_name = names(model_list)
) %>%
  pmap_dfr(function(exposure, outcome_label, outcome_status, outcome_time, model_name) {
    fit_data <- clmm_analysis_set %>%
      select(
        outcome_time_value = all_of(outcome_time),
        outcome_status_value = all_of(outcome_status),
        exposure_value = all_of(exposure),
        all_of(model_list[[model_name]])
      )

    fit <- coxph(
      as.formula(
        paste0(
          "Surv(outcome_time_value, outcome_status_value) ~ scale(exposure_value) + ",
          paste(model_list[[model_name]], collapse = " + ")
        )
      ),
      data = fit_data
    )

    tidy(fit, exponentiate = TRUE, conf.int = TRUE) %>%
      filter(term == "scale(exposure_value)") %>%
      transmute(
        Exposure = exposure,
        Outcome = outcome_label,
        Model = model_name,
        Term = "Per SD",
        Estimate = estimate,
        conf.low = conf.low,
        conf.high = conf.high,
        P_value = p.value
      )
  })

cox_quartile_results <- expand_grid(
  exposure = exposure_vars,
  outcome_label = survival_outcomes$outcome_label,
  outcome_status = survival_outcomes$outcome_status,
  outcome_time = survival_outcomes$outcome_time
) %>%
  pmap_dfr(function(exposure, outcome_label, outcome_status, outcome_time) {
    quartile_var <- paste0(exposure, "_quartile")

    fit_data <- clmm_analysis_set %>%
      select(
        outcome_time_value = all_of(outcome_time),
        outcome_status_value = all_of(outcome_status),
        exposure_value = all_of(exposure),
        quartile_value = all_of(quartile_var),
        all_of(covariates_model3)
      ) %>%
      group_by(quartile_value) %>%
      mutate(exposure_median = median(exposure_value, na.rm = TRUE)) %>%
      ungroup()

    fit_quartile <- coxph(
      as.formula(
        paste0(
          "Surv(outcome_time_value, outcome_status_value) ~ quartile_value + ",
          paste(covariates_model3, collapse = " + ")
        )
      ),
      data = fit_data
    )

    fit_trend <- coxph(
      as.formula(
        paste0(
          "Surv(outcome_time_value, outcome_status_value) ~ scale(exposure_median) + ",
          paste(covariates_model3, collapse = " + ")
        )
      ),
      data = fit_data
    )

    quartile_res <- tidy(fit_quartile, exponentiate = TRUE, conf.int = TRUE) %>%
      filter(str_detect(term, "quartile_value")) %>%
      transmute(
        Exposure = exposure,
        Outcome = outcome_label,
        Model = "Model 3",
        Term = term,
        Estimate = estimate,
        conf.low = conf.low,
        conf.high = conf.high,
        P_value = p.value
      )

    trend_res <- tidy(fit_trend, exponentiate = TRUE, conf.int = TRUE) %>%
      filter(term == "scale(exposure_median)") %>%
      transmute(
        Exposure = exposure,
        Outcome = outcome_label,
        Model = "Model 3",
        Term = "P for trend",
        Estimate = estimate,
        conf.low = conf.low,
        conf.high = conf.high,
        P_value = p.value
      )

    bind_rows(quartile_res, trend_res)
  })

cox_ph_results <- expand_grid(
  exposure = exposure_vars,
  outcome_label = survival_outcomes$outcome_label,
  outcome_status = survival_outcomes$outcome_status,
  outcome_time = survival_outcomes$outcome_time
) %>%
  pmap_dfr(function(exposure, outcome_label, outcome_status, outcome_time) {
    fit_data <- clmm_analysis_set %>%
      select(
        outcome_time_value = all_of(outcome_time),
        outcome_status_value = all_of(outcome_status),
        exposure_value = all_of(exposure),
        all_of(covariates_model3)
      )

    fit <- coxph(
      as.formula(
        paste0(
          "Surv(outcome_time_value, outcome_status_value) ~ scale(exposure_value) + ",
          paste(covariates_model3, collapse = " + ")
        )
      ),
      data = fit_data
    )

    zph <- cox.zph(fit)

    tibble(
      Exposure = exposure,
      Outcome = outcome_label,
      PH_test_P_value = zph$table[1, "p"]
    )
  })
# ==================================================
# 5. Kaplan–Meier and Restricted Cubic Spline Analyses
# ==================================================
km_plot_list <- lapply(exposure_vars, function(exposure) {
  quartile_var <- paste0(exposure, "_quartile")

  fit_data <- clmm_analysis_set %>%
    select(
      clmm_time_years,
      clmm_status,
      quartile_value = all_of(quartile_var)
    )

  km_fit <- survfit(
    Surv(clmm_time_years, clmm_status) ~ quartile_value,
    data = fit_data
  )

  ggsurvplot(
    km_fit,
    data = fit_data,
    fun = "cumhaz",
    conf.int = FALSE,
    risk.table = FALSE,
    pval = TRUE,
    legend.title = "",
    legend.labs = c("Quartile 1", "Quartile 2", "Quartile 3", "Quartile 4"),
    xlab = "Follow-up (years)",
    ylab = "Cumulative hazard",
    break.time.by = 2
  )$plot +
    labs(title = exposure_labels[[exposure]]) +
    theme_bw()
})

km_panel <- wrap_plots(km_plot_list, ncol = 3) +
  plot_annotation(tag_levels = "A")

dd <- datadist(clmm_analysis_set)
options(datadist = "dd")

rcs_anova_results <- lapply(exposure_vars, function(exposure) {
  fit_data <- clmm_analysis_set %>%
    select(
      clmm_time_years,
      clmm_status,
      exposure_value = all_of(exposure),
      all_of(covariates_model3)
    )

  fit_rcs <- cph(
    as.formula(
      paste0(
        "Surv(clmm_time_years, clmm_status) ~ rcs(exposure_value, 4) + ",
        paste(covariates_model3, collapse = " + ")
      )
    ),
    data = fit_data,
    x = TRUE,
    y = TRUE,
    surv = TRUE
  )

  as.data.frame(anova(fit_rcs)) %>%
    rownames_to_column("Term") %>%
    mutate(Exposure = exposure, .before = 1)
}) %>%
  bind_rows()

rcs_plot_list <- lapply(exposure_vars, function(exposure) {
  fit_data <- clmm_analysis_set %>%
    select(
      clmm_time_years,
      clmm_status,
      exposure_value = all_of(exposure),
      all_of(covariates_model3)
    )

  fit_rcs <- cph(
    as.formula(
      paste0(
        "Surv(clmm_time_years, clmm_status) ~ rcs(exposure_value, 4) + ",
        paste(covariates_model3, collapse = " + ")
      )
    ),
    data = fit_data,
    x = TRUE,
    y = TRUE,
    surv = TRUE
  )

  pred_df <- as.data.frame(
    Predict(fit_rcs, exposure_value, fun = exp, ref.zero = TRUE)
  ) %>%
    rename(
      Exposure_value = exposure_value,
      HR = yhat,
      Lower_CI = lower,
      Upper_CI = upper
    )

  ggplot(pred_df, aes(x = Exposure_value, y = HR)) +
    geom_line(linewidth = 1) +
    geom_ribbon(aes(ymin = Lower_CI, ymax = Upper_CI), alpha = 0.2) +
    geom_hline(yintercept = 1, linetype = 2) +
    labs(
      title = exposure_labels[[exposure]],
      x = exposure_labels[[exposure]],
      y = "Hazard ratio (95% CI)"
    ) +
    theme_bw()
})

rcs_panel <- wrap_plots(rcs_plot_list, ncol = 3) +
  plot_annotation(tag_levels = "A")
# ==================================================
# 6. ROC Analysis and Incremental Predictive Performance
# ==================================================
roc_list <- setNames(exposure_vars, exposure_vars) %>%
  lapply(function(exposure) {
    roc(
      response = clmm_analysis_set$clmm_status,
      predictor = clmm_analysis_set[[exposure]],
      quiet = TRUE
    )
  })

roc_auc_table <- imap_dfr(roc_list, function(obj, exposure) {
  ci_obj <- ci.auc(obj)

  tibble(
    Exposure = exposure,
    AUC = as.numeric(obj$auc),
    AUC_Lower = as.numeric(ci_obj[1]),
    AUC_Upper = as.numeric(ci_obj[3])
  )
})

roc_metrics_table <- imap_dfr(roc_list, function(obj, exposure) {
  best_cut <- coords(
    obj,
    x = "best",
    best.method = "youden",
    ret = c("threshold", "specificity", "sensitivity", "accuracy"),
    transpose = FALSE
  ) %>%
    as_tibble()

  tibble(
    Exposure = exposure,
    Cutoff = best_cut$threshold[1],
    Specificity = best_cut$specificity[1],
    Sensitivity = best_cut$sensitivity[1],
    Accuracy = best_cut$accuracy[1]
  )
}) %>%
  left_join(roc_auc_table, by = "Exposure")

roc_plot_data <- imap_dfr(roc_list, function(obj, exposure) {
  tibble(
    Exposure = exposure,
    FPR = 1 - obj$specificities,
    TPR = obj$sensitivities
  )
}) %>%
  left_join(roc_auc_table, by = "Exposure") %>%
  mutate(
    Exposure_label = exposure_labels[Exposure],
    Legend_label = paste0(Exposure_label, " (AUC = ", sprintf("%.3f", AUC), ")")
  )

roc_plot <- ggplot(roc_plot_data, aes(x = FPR, y = TPR, color = Legend_label)) +
  geom_line(linewidth = 1) +
  geom_abline(intercept = 0, slope = 1, linetype = 2) +
  labs(
    x = "1 - Specificity",
    y = "Sensitivity",
    color = NULL
  ) +
  theme_bw()

roc_delong_matrix <- matrix(
  NA_real_,
  nrow = length(exposure_vars),
  ncol = length(exposure_vars),
  dimnames = list(exposure_vars, exposure_vars)
)

for (i in 1:(length(exposure_vars) - 1)) {
  for (j in (i + 1):length(exposure_vars)) {
    p_val <- roc.test(
      roc_list[[exposure_vars[i]]],
      roc_list[[exposure_vars[j]]],
      method = "delong"
    )$p.value

    roc_delong_matrix[i, j] <- p_val
    roc_delong_matrix[j, i] <- p_val
  }
}

roc_delong_table <- as.data.frame(as.table(roc_delong_matrix)) %>%
  rename(
    Exposure_1 = Var1,
    Exposure_2 = Var2,
    P_value = Freq
  ) %>%
  filter(!is.na(P_value)) %>%
  mutate(
    Exposure_1 = exposure_labels[Exposure_1],
    Exposure_2 = exposure_labels[Exposure_2]
  )

base_cindex_formula <- as.formula(
  paste0(
    "Surv(clmm_time_years, clmm_status) ~ ",
    paste(covariates_model3, collapse = " + ")
  )
)

fit_base_cindex <- coxph(
  base_cindex_formula,
  data = clmm_analysis_set,
  x = TRUE,
  y = TRUE
)

lp_base <- predict(fit_base_cindex, type = "lp")

base_cindex <- concordance(
  Surv(clmm_time_years, clmm_status) ~ lp_base,
  data = clmm_analysis_set
)

cindex_results <- lapply(exposure_vars, function(exposure) {
  fit_plus <- coxph(
    as.formula(
      paste0(
        "Surv(clmm_time_years, clmm_status) ~ ",
        paste(c(covariates_model3, exposure), collapse = " + ")
      )
    ),
    data = clmm_analysis_set,
    x = TRUE,
    y = TRUE
  )

  lp_plus <- predict(fit_plus, type = "lp")

  plus_cindex <- concordance(
    Surv(clmm_time_years, clmm_status) ~ lp_plus,
    data = clmm_analysis_set
  )

  cmp <- compareC(
    clmm_analysis_set$clmm_time_years,
    clmm_analysis_set$clmm_status,
    lp_base,
    lp_plus
  )

  tibble(
    Exposure = exposure,
    Base_C_index = base_cindex$concordance,
    Base_SE = sqrt(base_cindex$var),
    Enhanced_C_index = plus_cindex$concordance,
    Enhanced_SE = sqrt(plus_cindex$var),
    Delta_C_index = plus_cindex$concordance - base_cindex$concordance,
    P_value = cmp$pval
  )
}) %>%
  bind_rows()

base_matrix <- model.matrix(
  as.formula(
    paste0("~ ", paste(covariates_model3, collapse = " + "))
  ),
  data = clmm_analysis_set
)[, -1]

surv_matrix <- clmm_analysis_set %>%
  transmute(
    time = clmm_time_years,
    status = clmm_status
  ) %>%
  as.matrix()

mode(base_matrix) <- "numeric"
mode(surv_matrix) <- "numeric"

idi_nri_results <- lapply(exposure_vars, function(exposure) {
  enhanced_matrix <- model.matrix(
    as.formula(
      paste0("~ ", paste(c(covariates_model3, exposure), collapse = " + "))
    ),
    data = clmm_analysis_set
  )[, -1]

  mode(enhanced_matrix) <- "numeric"

  fit_idi <- IDI.INF(
    surv_matrix,
    base_matrix,
    enhanced_matrix  )

  tibble(
    Exposure = exposure,
    IDI_Estimate = as.numeric(fit_idi$m1[1]),
    IDI_Lower = as.numeric(fit_idi$m1[2]),
    IDI_Upper = as.numeric(fit_idi$m1[3]),
    IDI_P_value = as.numeric(fit_idi$m1[4]),
    NRI_Estimate = as.numeric(fit_idi$m2[1]),
    NRI_Lower = as.numeric(fit_idi$m2[2]),
    NRI_Upper = as.numeric(fit_idi$m2[3]),
    NRI_P_value = as.numeric(fit_idi$m2[4])
  )
}) %>%
  bind_rows()
# ==================================================
# 7. Multi-State Model Analysis
# ==================================================
clmm_tmat <- transMat(
  list(
    c(2),
    c(3),
    c()
  ),
  names = c("Healthy", "First_CLMD", "CLMM")
)

msm_results <- lapply(exposure_vars, function(exposure) {
  fit_data <- clmm_analysis_set %>%
    select(
      first_clmd_time_years,
      first_clmd_status,
      clmm_time_years,
      clmm_status,
      index_value = all_of(exposure),
      all_of(covariates_model3)
    ) %>%
    mutate(index_value = as.numeric(scale(index_value)))

  ms_long <- msprep(
    time = c(NA, "first_clmd_time_years", "clmm_time_years"),
    status = c(NA, "first_clmd_status", "clmm_status"),
    data = fit_data,
    trans = clmm_tmat,
    keep = c("index_value", covariates_model3)
  )

  ms_long <- expand.covs(
    ms_long,
    covs = "index_value",
    longnames = FALSE
  )

  fit_ms <- coxph(
    as.formula(
      paste0(
        "Surv(Tstart, Tstop, status) ~ index_value.1 + index_value.2 + ",
        paste(c(covariates_model3, "strata(trans)"), collapse = " + ")
      )
    ),
    data = ms_long,
    method = "breslow"
  )

  tidy(fit_ms, exponentiate = TRUE, conf.int = TRUE) %>%
    filter(term %in% c("index_value.1", "index_value.2")) %>%
    mutate(
      Exposure = exposure,
      Transition = case_when(
        term == "index_value.1" ~ "Healthy -> First CLMD",
        term == "index_value.2" ~ "First CLMD -> CLMM"
      )
    ) %>%
    transmute(
      Exposure,
      Transition,
      Estimate = estimate,
      conf.low = conf.low,
      conf.high = conf.high,
      P_value = p.value
    )
}) %>%
  bind_rows()
# ==================================================
# 8. Mediation Analyses
# ==================================================
clmm_mediation_set <- clmm_analysis_set %>%
  select(
    clmm_time_years,
    clmm_status,
    all_of(exposure_vars),
    all_of(mediator_vars),
    all_of(covariates_model3)
  ) %>%
  na.omit()

xm_results <- expand_grid(
  exposure = exposure_vars,
  mediator = mediator_vars
) %>%
  pmap_dfr(function(exposure, mediator) {
    fit_data <- clmm_mediation_set %>%
      select(
        exposure_value = all_of(exposure),
        mediator_value = all_of(mediator),
        all_of(covariates_model3)
      )

    fit <- lm(
      as.formula(
        paste0(
          "mediator_value ~ scale(exposure_value) + ",
          paste(covariates_model3, collapse = " + ")
        )
      ),
      data = fit_data
    )

    tidy(fit, conf.int = TRUE) %>%
      filter(term == "scale(exposure_value)") %>%
      transmute(
        Exposure = exposure,
        Mediator = mediator,
        Beta = estimate,
        conf.low = conf.low,
        conf.high = conf.high,
        P_value = p.value
      )
  }) %>%
  mutate(
    FDR = p.adjust(P_value, method = "fdr")
  )

my_results <- lapply(mediator_vars, function(mediator) {
  fit_data <- clmm_mediation_set %>%
    select(
      clmm_time_years,
      clmm_status,
      mediator_value = all_of(mediator),
      all_of(covariates_model3)
    )

  fit <- coxph(
    as.formula(
      paste0(
        "Surv(clmm_time_years, clmm_status) ~ scale(mediator_value) + ",
        paste(covariates_model3, collapse = " + ")
      )
    ),
    data = fit_data
  )

  tidy(fit, exponentiate = TRUE, conf.int = TRUE) %>%
    filter(term == "scale(mediator_value)") %>%
    transmute(
      Mediator = mediator,
      HR = estimate,
      conf.low = conf.low,
      conf.high = conf.high,
      P_value = p.value
    )
}) %>%
  bind_rows() %>%
  mutate(
    FDR = p.adjust(P_value, method = "fdr")
  )

candidate_mediators <- xm_results %>%
  mutate(
    Direction_XM = if_else(Beta > 0, 1, -1)
  ) %>%
  inner_join(
    my_results %>%
      mutate(
        Direction_MY = if_else(HR > 1, 1, -1)
      ),
    by = "Mediator",
    suffix = c("_XM", "_MY")
  ) %>%
  filter(FDR_XM < 0.05, FDR_MY < 0.05) %>%
  filter(Direction_XM * Direction_MY > 0) %>%
  transmute(
    Exposure,
    Mediator,
    Beta_XM = Beta,
    Beta_XM_Lower = conf.low_XM,
    Beta_XM_Upper = conf.high_XM,
    P_XM = P_value_XM,
    FDR_XM,
    HR_MY = HR,
    HR_MY_Lower = conf.low_MY,
    HR_MY_Upper = conf.high_MY,
    P_MY = P_value_MY,
    FDR_MY
  ) %>%
  distinct()

single_mediation_results <- candidate_mediators %>%
  select(Exposure, Mediator) %>%
  distinct() %>%
  pmap_dfr(function(Exposure, Mediator) {
    fit <- cmest(
      data = clmm_mediation_set,
      model = "rb",
      outcome = "clmm_status",
      eventtime = "clmm_time_years",
      exposure = Exposure,
      mediator = Mediator,
      basec = covariates_model3,
      mreg = list("linear"),
      yreg = "coxph",
      EMint = FALSE,
      astar = quantile(clmm_mediation_set[[Exposure]], 0.25, na.rm = TRUE),
      a = quantile(clmm_mediation_set[[Exposure]], 0.75, na.rm = TRUE),
      mval = list(mean(clmm_mediation_set[[Mediator]], na.rm = TRUE)),
      estimation = "paramfunc",
      inference = "bootstrap",
      nboot = 1000
    )

    as.data.frame(fit$effect.pe) %>%
      rownames_to_column("Effect") %>%
      mutate(
        Exposure = Exposure,
        Mediator = Mediator,
        Outcome = "CLMM",
        .before = 1
      )
  }) %>%
  group_by(Effect) %>%
  mutate(
    FDR = p.adjust(P.val, method = "fdr")
  ) %>%
  ungroup()

significant_single_pm <- single_mediation_results %>%
  filter(Effect == "pm", FDR < 0.05) %>%
  select(
    Exposure,
    Mediator,
    Outcome,
    Effect,
    Estimate,
    `95% CIL`,
    `95% CIU`,
    P.val,
    FDR
  )

multi_mediator_map <- significant_single_pm %>%
  group_by(Exposure) %>%
  summarise(
    Mediator_set = list(Mediator),
    .groups = "drop"
  ) %>%
  filter(lengths(Mediator_set) > 0)

multi_mediation_results <- multi_mediator_map %>%
  pmap_dfr(function(Exposure, Mediator_set) {
    fit <- cmest(
      data = clmm_mediation_set,
      model = "rb",
      outcome = "clmm_status",
      eventtime = "clmm_time_years",
      exposure = Exposure,
      mediator = Mediator_set,
      basec = covariates_model3,
      mreg = rep(list("linear"), length(Mediator_set)),
      yreg = "coxph",
      EMint = FALSE,
      astar = quantile(clmm_mediation_set[[Exposure]], 0.25, na.rm = TRUE),
      a = quantile(clmm_mediation_set[[Exposure]], 0.75, na.rm = TRUE),
      mval = as.list(map_dbl(Mediator_set, ~ mean(clmm_mediation_set[[.x]], na.rm = TRUE))),
      estimation = "imputation",
      inference = "bootstrap",
      nboot = 1000
    )

    as.data.frame(fit$effect.pe) %>%
      rownames_to_column("Effect") %>%
      mutate(
        Exposure = Exposure,
        Mediator_group = paste(Mediator_set, collapse = "; "),
        Outcome = "CLMM",
        .before = 1
      )
  }) %>%
  group_by(Effect) %>%
  mutate(
    FDR = p.adjust(P.val, method = "fdr")
  ) %>%
  ungroup()
# ==================================================
# 9. Result Export and Figure Saving
# ==================================================
write_xlsx(
  list(
    Cox_linear = cox_linear_results,
    Cox_quartile = cox_quartile_results,
    Cox_PH = cox_ph_results,
    ROC_AUC = roc_auc_table,
    ROC_metrics = roc_metrics_table,
    ROC_DeLong = roc_delong_table,
    C_index = cindex_results,
    NRI_IDI = idi_nri_results,
    MSM_to_CLMM = msm_results,
    XM = xm_results,
    MY = my_results,
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