###############################################################################
#Plasma proteome signatures are predictive of mortality in sickle cell disease#
#October 6 2025                                                               #
#Scripts to run analyses and draw figures                                     #
###############################################################################

###############
#DATA ANALYSES#
###############


Supplementary Table 2
#Differenctial expression analysis SCD vs non-SCD:

library(dplyr)
library(limma)
library(tidyverse)

# Filter for participants with known SCD status (0 or 1)
data_filtered <- data %>%
  filter(SCD %in% c(0, 1))

# Pivot wider: one row per participant, one column per assay
data_wide <- data_filtered %>%
  select(ParticipantID, Assay, PCNormalizedNPX, Age, Sex = Sex.1.Male.2.Female, SCD) %>%
  pivot_wider(names_from = Assay, values_from = PCNormalizedNPX)

# Expression matrix (assays as columns, samples as rows)
exprs <- data_wide %>%
  select(-ParticipantID, -Age, -Sex, -SCD) %>%
  as.matrix()

# Transpose: limma expects features (proteins) as rows, samples as columns
exprs <- t(exprs)

# Design matrix: model SCD status, adjusting for age and sex
design <- model.matrix(~ SCD + Age + Sex, data = data_wide)

# Fit linear model and apply empirical Bayes moderation
fit <- lmFit(exprs, design)
fit <- eBayes(fit)

# Extract results for SCD effect (SCD = 1 vs 0)
results <- topTable(fit, coef = "SCD", number = Inf)

# Add protein names as a column
results_df <- results %>%
  as.data.frame() %>%
  rownames_to_column(var = "Protein")

# Save results to file
write.table(results_df, file = "DiffExp_SCD_vs_non-SCD.txt",
            sep = "\t", row.names = FALSE, quote = FALSE)

Supplementary Table 3
#Differential expression analysis HbAA vs HbAS

library(limma)
library(dplyr)
library(tidyr)
library(tidyverse)


library(limma)
library(tidyverse)

# Filter for relevant genotypes
data_filtered <- data %>%
  filter(BetaGlobinGenotype %in% c("HbAA", "HbAS"))

# Pivot wider: one row per participant, one column per assay
data_wide <- data_filtered %>%
  select(ParticipantID, Assay, PCNormalizedNPX, Age, Sex = Sex.1.Male.2.Female, BetaGlobinGenotype) %>%
  pivot_wider(names_from = Assay, values_from = PCNormalizedNPX)

# Extract expression matrix (assays as columns)
exprs <- data_wide %>%
  select(-ParticipantID, -Age, -Sex, -BetaGlobinGenotype) %>%
  as.matrix()

#Transpose for limma  
exprs <- t(exprs)

# Design matrix: model genotype (HbAS vs HbAA), adjusting for age and sex
design <- model.matrix(~ BetaGlobinGenotype + Age + Sex, data = data_wide)

# Fit the model
fit <- lmFit(exprs, design)
fit <- eBayes(fit)

# Get results: test for difference between HbAS and HbAA
results <- topTable(fit, coef = "BetaGlobinGenotypeHbAS", number = Inf)

# Add rownames as a new column called "Protein"
results_df <- results %>%
  as.data.frame() %>%
  rownames_to_column(var = "Protein")

# Write to a .txt file with tab separation
write.table(results_df, file = "DiffExp_HbAActl_HbAScases.txt",
            sep = "\t", row.names = FALSE, quote = FALSE)	


Supplementary Table 3
# Pearson r by tissue and group

pearson_by_group <- all_data %>%
  group_by(Tissue, Group_simple) %>%
  summarise(
    n = n(),
    Pearson_r = cor(Recalib_Age, Age, use = "complete.obs"),
    .groups = "drop"
  )

print(pearson_by_group)

write.table(pearson_by_group, file = "Pearson_predAge_June2025.txt", sep = "\t", row.names = FALSE, quote = FALSE)


pearson_all <- all_data %>%
  group_by(Tissue) %>%
  summarise(
    n = n(),
    Pearson_r = cor(Recalib_Mort, Age, use = "complete.obs"),
    .groups = "drop"
  )

print(pearson_all)

write.table(pearson_all, file = "Pearson_predMortality_AllGroups_June2025.txt", 
            sep = "\t", row.names = FALSE, quote = FALSE)


Supplementary Table 5
#Z-scored predicted mortalities with traits and complications

# List of tissues
tissues <- c("Artery", "Brain", "Immune", 
             "Intestine", "Kidney", "Liver", "Lung", 
             "Skin", "Conventional")

# Store results
regression_results <- list()

# Loop through each trait and tissue
for (i in seq_len(nrow(reg_types))) {
  trait <- reg_types$trait[i]
  model_type <- reg_types$model_type[i]

  for (tissue in tissues) {
    # Construct variable name for that tissue
    hazard_var <- paste0(tissue, "_log_MortalityHazard")

    # Check if the variable exists in the dataset
    if (!(hazard_var %in% names(final_data_extended))) {
      warning(paste("Missing variable:", hazard_var, "- skipping."))
      next
    }

    # Construct formula
    formula_str <- paste0(trait, " ~ Sex.1.Male.2.Female + Age + ", hazard_var)
    formula <- as.formula(formula_str)

    # Fit the appropriate model
    fit <- tryCatch({
      if (model_type == "linear") {
        lm(formula, data = final_data_extended)
      } else if (model_type == "logistic") {
        glm(formula, data = final_data_extended, family = "binomial")
      } else if (model_type == "poisson") {
        glm(formula, data = final_data_extended, family = "poisson")
      } else {
        warning(paste("Unknown model type:", model_type, "- skipping."))
        next
      }
    }, error = function(e) {
      warning(paste("Error fitting model for", trait, "in", tissue, ":", e$message))
      return(NULL)
    })

    # Save results
    key <- paste(trait, tissue, sep = "_")
    regression_results[[key]] <- summary(fit)
  }
}

# Initialize empty results table
summary_table <- data.frame(
  trait = character(),
  tissue = character(),
  estimate = numeric(),
  std_error = numeric(),
  p_value = numeric(),
  stringsAsFactors = FALSE
)

for (name in names(regression_results)) {
  parts <- strsplit(name, "_")[[1]]
  trait <- paste(parts[1:(length(parts)-1)], collapse = "_")
  tissue <- parts[length(parts)]

  model_summary <- regression_results[[name]]
  if (is.null(model_summary)) next

  tissue_var <- paste0(tissue, "_log_MortalityHazard")
  if (!(tissue_var %in% rownames(model_summary$coefficients))) next

  coef_data <- model_summary$coefficients[tissue_var, ]

  # Detect p-value column name
  p_col_name <- grep("^Pr\\(>", colnames(model_summary$coefficients), value = TRUE)
  if (length(p_col_name) == 0) {
    p_value <- NA
  } else {
    p_value <- coef_data[[p_col_name]]
  }

  summary_table <- rbind(summary_table, data.frame(
    trait = trait,
    tissue = tissue,
    estimate = coef_data["Estimate"],
    std_error = coef_data["Std. Error"],
    p_value = p_value
  ))
}

# Define your rename map
trait_rename_map <- c(
  "AsepticNecrosis.No.0.Yes.1"         = "Osteonecrosis",
  "GallBladderRemoval.No.0.Yes.1"      = "Cholecystectomy",
  "LegUlcer.0.no.1.yes"                = "LegUlcer",
  "Priapism.No.0.Yes.1"                = "Priapism",
  "Stroke.No.0.Yes.1"                  = "Stroke",
  "WBC"                                = "WBC",
  "PLT"                                = "PLT",
  "Reticulocyte"                       = "Retic",
  "LDH"                                = "LDH",
  "DenseRBC.percent"                   = "denseRBC",
  "Bilirubin"                          = "Bilirubin",
  "MCH"                                = "MCH",
  "MCV"                                = "MCV",
  "RBC"                                = "RBC",
  "Hemoglobin"                         = "HGB",
  "Hematocrit"                         = "HCT",
  "HbF.percent"                        = "HbF",
  "eGFR"                               = "eGFR"
)

# Filter and rename traits in summary_table
summary_table <- summary_table %>%
  filter(trait %in% names(trait_rename_map)) %>%
  mutate(trait = recode(trait, !!!trait_rename_map))

write.table(summary_table, "Regression_LogPredMort_Summary_By_Trait_Tissue.txt", row.names = FALSE, quote = F, sep = "\t")

#Compute Zscore:

summary_table$z_score <- summary_table$estimate / summary_table$std_error

library(ggplot2)
library(dplyr)

# Optional: order tissues for better readability
summary_table$tissue <- factor(summary_table$tissue, levels = unique(summary_table$tissue))

summary_table <- summary_table %>%
  mutate(z_score = estimate / std_error) %>%
  group_by(trait) %>%
  mutate(fdr = p.adjust(p_value, method = "fdr")) %>%
  ungroup()

summary_table <- summary_table %>%
  mutate(
    signif_star = case_when(
      p_value < 0.002777778 ~ "***",
      fdr < 0.05        ~ "**",
      p_value < 0.05    ~ "*",
      TRUE              ~ ""
    )
  )


heatmap_plot <- ggplot(summary_table, aes(x = trait, y = tissue, fill = z_score)) +
  geom_tile(color = "white") +
  geom_text(aes(label = signif_star), size = 5, color = "black") +
  scale_fill_gradient2(
    low = "blue", mid = "white", high = "red", midpoint = 0,
    name = "Z-score"
  ) +
  theme_minimal(base_size = 12) +
  labs(
    x = "Trait",
    y = "Tissue",
    title = "Z-score log_MortHR"
  ) +
  theme(
    axis.text.x = element_text(angle = 45, hjust = 1)
  )

#Pheatmap:

library(tidyr)
library(dplyr)
library(pheatmap)


library(tibble)

z_matrix <- summary_table %>%
  select(tissue, trait, z_score) %>%
  pivot_wider(names_from = trait, values_from = z_score) %>%
  column_to_rownames("tissue") %>%
  as.matrix()

star_matrix <- summary_table %>%
  select(tissue, trait, signif_star) %>%
  pivot_wider(names_from = trait, values_from = signif_star) %>%
  as.data.frame()

# Move tissue column to row names
rownames(star_matrix) <- star_matrix$tissue
star_matrix$tissue <- NULL

# Convert to matrix
star_matrix <- as.matrix(star_matrix)

# Open TIFF device
tiff("NEW_ANALYSIS_JUNE2025/Figures/zscore_pheatmap_log_MortHR_v5.tiff", width = 14, height = 8, units = "in", res = 300)

# Draw the heatmap
pheatmap(
  z_matrix,
  display_numbers = star_matrix,
  cluster_rows = TRUE,
  cluster_cols = TRUE,
  color = colorRampPalette(c("blue", "white", "red"))(100),
  main = "Z-score Heatmap log_MortHR",
  fontsize_number = 20,
  fontsize = 15,
  border_color = "grey90",
  angle_col = 45
)

# Close TIFF device
dev.off()

library(tidyverse)

# Pivot the table to have traits as columns and tissues as rows
zscore_matrix <- summary_table %>%
  select(tissue, trait, z_score) %>%
  pivot_wider(names_from = trait, values_from = z_score)

# Export to txt file (tab-delimited)
write.table(zscore_matrix, file = "ZScore_Table_Heatmap log_MortHR.txt", 
            sep = "\t", row.names = FALSE, quote = FALSE)


Supplementary Table 6
#Association between mortality and clinical variables

library(survival)

traits <- c("Stroke.No.0.Yes.1", "O2satur.percent", "NumberOfHospitalVisitForPainLast12months",
            "NumberOfHospitalVisitFor_ACS_Last12months", "GallBladderRemoval.No.0.Yes.1",
            "LegUlcer.0.no.1.yes", "Priapism.No.0.Yes.1", "AsepticNecrosis.No.0.Yes.1",
            "Alive.0.Death.1", "HU.0.No.1.Yes", "Hemoglobin", "Hematocrit", "MCV", "MCH",
            "RBC", "Reticulocyte", "WBC", "Polys", "Lympocyte", "Monocyte", "Eosinophil",
            "Basophil", "Metamyel.myel", "nucRBC", "PLT", "MPV", "HbA2.percent", "HbF.percent",
            "HbA.percent", "HbS.percent", "RBCdensity", "DenseRBC.percent", "Creatinine",
            "eGFR", "Bilirubin", "LDH", "RcTf_erythropoeisis", "Asthma.0.No.1.Yes",
            "HeartAttack.0.No.1.Yes", "Diabetes.0.No.1.Yes")

# Prepare an empty results dataframe
results_no_predmort <- data.frame(
  trait = character(),
  HR = numeric(),
  lower_95 = numeric(),
  upper_95 = numeric(),
  p_value = numeric(),
  stringsAsFactors = FALSE
)

for (trait in traits) {
  # Build formula without pred_mort
  formula_str <- paste0("Surv(time, dead) ~ Sex.1.Male.2.Female + Patient_Age_Debut_gl + ", trait)
  
  f <- as.formula(formula_str)
  
  fit <- coxph(f, data = final_data_extended)
  sum_fit <- summary(fit)
  
  # Extract coefficient for the trait
  HR <- sum_fit$coefficients[trait, "exp(coef)"]
  lower_95 <- sum_fit$conf.int[trait, "lower .95"]
  upper_95 <- sum_fit$conf.int[trait, "upper .95"]
  p_val <- sum_fit$coefficients[trait, "Pr(>|z|)"]
  
  results_no_predmort <- rbind(results_no_predmort, data.frame(
    trait = trait,
    HR = HR,
    lower_95 = lower_95,
    upper_95 = upper_95,
    p_value = p_val,
    stringsAsFactors = FALSE
  ))
}

print(results_no_predmort)

write.table(results_no_predmort, file = "Cox_mortality_Traits.txt", sep = "\t", row.names = FALSE, quote = FALSE)

Supplementary Table 7
#Association of plasma proteins with mortality

library(readxl)

# Read the file
death <- read_excel("mortalite_GENMOD_June2025_Corrige.xlsx", 
                   col_types = c("text", "text", "text", "date", "text", "text", "text", "date", "date", "date", "numeric", "numeric", "numeric", "numeric", "numeric"))

data <- read.table("ProteoSCD_NPX_2024-02-29_with_cov_6June2025_Corr_QC_CLEAN_v2.txt", sep = "\t", header = T)					

#Merge data:

library(dplyr)

# Step 1: Rename study_id to match ParticipantID
death_renamed <- death %>%
  rename(ParticipantID = study_id)

# Step 2: Join data with death info
data_with_death <- data %>%
  left_join(death_renamed, by = "ParticipantID")

#Replace space by _:
data_with_death <- data_with_death %>%
  rename_with(~ gsub(" ", "_", .))

#Calculate time between fin and inclusion or death and inclusion, and add a column for dead:
data_with_death <- data_with_death %>%
  mutate(
    time = ifelse(
      is.na(Patient_Deces_gl),
      as.numeric(difftime(Patient_Fin_gl, Patient_Inclusion_gl, units = "days")),
      as.numeric(difftime(Patient_Deces_gl, Patient_Inclusion_gl, units = "days"))
    )
  )

#2 is dead, 1 is alive:
data_with_death <- data_with_death %>%
  mutate(
    dead = ifelse(!is.na(Patient_Deces_gl), 2, 1))


#Keep participants with time data:
data_with_death <- data_with_death %>%
  filter(!is.na(time))

#Reshape data:
library(dplyr)
library(tidyr)

# Extract unique participant metadata
participant_info <- data_with_death %>%
  select(ParticipantID, 
         Patient_Age_Debut_gl, 
         Sex.1.Male.2.Female, 
         time, 
         dead) %>%
  distinct()

# Pivot the protein expression data
data_wide <- data_with_death %>%
  select(ParticipantID, Assay, PCNormalizedNPX) %>%
  pivot_wider(names_from = Assay, values_from = PCNormalizedNPX)

# Merge and reorder columns
final_data <- data_wide %>%
  left_join(participant_info, by = "ParticipantID") %>%
  select(
    ParticipantID, 
    Patient_Age_Debut_gl, 
    Sex.1.Male.2.Female, 
    time, 
    dead, 
    everything()
  )


# Rank-based inverse normalization and scaling for columns starting from column 6
library(RNOmni)

final_data <- final_data %>%
  mutate(across(
    6:ncol(.),
    ~ {
      x <- .
      x_no_na <- x[!is.na(x)]
      x_transformed <- rep(NA_real_, length(x))
      x_transformed[!is.na(x)] <- scale(RankNorm(x_no_na))[, 1]
      x_transformed
    },
    .names = "{.col}_scaled"
  ))

#Replace "-" with "_" for the name of some proteins:
final_data <- final_data %>%
  rename_with(~ gsub("-", "_", .))

#Test for one protein:
res.cox <- coxph(Surv(time, dead) ~ Sex.1.Male.2.Female + Patient_Age_Debut_gl + IL18R1_scaled, data =  final_data)
summary(res.cox)

#Perform Cox analyses for each protein:
      
# Get all protein names ending with "_scaled"
protein_columns <- grep("_scaled$", names(final_data), value = TRUE)

# Create an empty list to store the results
cox_results <- list()

# Loop through each protein and run the Cox regression
library("survival")

for (protein in protein_columns) {
  # Construct the formula dynamically
  formula <- as.formula(paste("Surv(time, dead) ~ Sex.1.Male.2.Female + Patient_Age_Debut_gl +", protein))
  
  # Run the Cox regression
  res.cox <- coxph(formula, data = final_data)
  
  # Store the summary results in the list
  cox_results[[protein]] <- summary(res.cox)
}


  # Initialize an empty data frame to store the results
cox_summary_table <- data.frame(
  Protein = character(),
  exp_coef = numeric(),
  lower_95 = numeric(),
  upper_95 = numeric(),
  p_value = numeric(),
  stringsAsFactors = FALSE
)

# Loop through the results and extract the needed values
for (protein in protein_columns) {
  # Get the summary for the current protein
  res_summary <- cox_results[[protein]]
  
  # Extract the relevant values
  exp_coef <- res_summary$coefficients[protein, "exp(coef)"]
  lower_95 <- res_summary$conf.int[protein, "lower .95"]
  upper_95 <- res_summary$conf.int[protein, "upper .95"]
  p_value <- res_summary$coefficients[protein, "Pr(>|z|)"]
  
  # Add the extracted values to the table
  cox_summary_table <- rbind(cox_summary_table, data.frame(
    Protein = protein,
    exp_coef = exp_coef,
    lower_95 = lower_95,
    upper_95 = upper_95,
    p_value = p_value
  ))
}

# Add FDR BH correction:
cox_summary_table$pFDR <- p.adjust(cox_summary_table$p_value, method = "BH")

# Rename the 'exp_coef' column to 'HR'
names(cox_summary_table)[names(cox_summary_table) == "exp_coef"] <- "HR"

# Export the table to a txt file
write.table(cox_summary_table, file = "Cox_5411_Proteins_Mortality_June2025", sep = "\t", row.names = FALSE, quote = FALSE)

Supplementary Table 8
#Plasma proteins and their assignment to tissues or cell-types

tissue <- read.csv("GENMOD_Malstrom_TissueEnrich.csv")

# Apply Fisher's exact test row-wise
results <- apply(tissue[,2:5], 1, function(row) {
  matrix_data <- matrix(as.numeric(row), nrow = 2, byrow = TRUE)
  test <- fisher.test(matrix_data)
  c(odds_ratio = test$estimate, p_value = test$p.value, ci_low95 = test$conf.int[1], ci_high95 = test$conf.int[2])
})

# Transpose and convert to data.frame
results_tissue <- as.data.frame(t(results))

# Append to original data.frame
tissue_with_results <- cbind(tissue, results_tissue)

# View result
print(tissue_with_results)

write.table(tissue_with_results, "GENMOD_EnrichmentResults_TissueCell.txt", sep="\t", row.names=F, quote=F)

Supplementary Table 11
#Testing if there is an enrichment of nominally significant complications/QT among the 499 proteins associated with mortality in GEN-MOD

data_heatmap <- read.csv("Heatmap_enrichment_BinomialTest.csv")

# Apply binomial test row-wise
run_binomial_by_row <- function(data, success_col, trials_col, p = 0.5, conf.level = 0.95) {
  results <- apply(data, 1, function(row) {
    successes <- as.numeric(row[[success_col]])
    trials <- as.numeric(row[[trials_col]])
    test <- binom.test(successes, trials, p = p, conf.level = conf.level, alternative="greater")
    list(
      p_value = test$p.value,
      estimate = test$estimate[[1]],
      conf_low = test$conf.int[1],
      conf_high = test$conf.int[2]
    )
  })
  
  # Convert the list of lists into a data frame
  result_df <- do.call(rbind, lapply(results, as.data.frame))
  rownames(result_df) <- NULL
  return(cbind(data, result_df))
}

results_df <- run_binomial_by_row(data_heatmap, "success", "trial", p = 0.05)
print(results_df)

write.table(results_df, "Heatmap_binomialtest.txt", sep="\t", row.names=F, quote=F)

Supplementary Table 12
#Association of the Cox LASSO mortality score with clinical variables

traits <- read.table("NEW_ANALYSIS_JUNE2025/Protein_Traits_regressions/Traits_June2025.txt", sep = "\t", header = T)	
				
reg_types <- read.table("NEW_ANALYSIS_JUNE2025/Protein_Traits_regressions/Type_of_regressions_used_June2025.txt", sep = "\t", header = T)	


# Define a named vector for renaming
trait_rename_map <- c(
  "AsepticNecrosis.No.0.Yes.1"         = "Osteonecrosis",
  "GallBladderRemoval.No.0.Yes.1"      = "Cholecystectomy",
  "LegUlcer.0.no.1.yes"                = "LegUlcer",
  "Priapism.No.0.Yes.1"                = "Priapism",
  "Stroke.No.0.Yes.1"                  = "Stroke",
  "WBC"                                = "WBC",
  "PLT"                                = "PLT",
  "Reticulocyte"                       = "Retic",
  "LDH"                                = "LDH",
  "DenseRBC.percent"                  = "denseRBC",
  "Bilirubin"                          = "Bilirubin",
  "MCH"                                = "MCH",
  "MCV"                                = "MCV",
  "RBC"                                = "RBC",
  "Hemoglobin"                         = "HGB",
  "Hematocrit"                         = "HCT",
  "HbF.percent"                        = "HbF",
  "eGFR"                               = "eGFR"
)

# Apply renaming to reg_types
reg_types <- reg_types %>%
  mutate(trait = recode(trait, !!!trait_rename_map))

library(tidyverse)
library(purrr)
library(dplyr)
library(broom)
library(readr)

# Step 1: Create trait metadata
trait_info <- tibble(
  original_name = names(trait_rename_map),
  trait = unname(trait_rename_map)
) %>%
  left_join(reg_types, by = "trait")

# Step 3: Run regressions for each trait
results <- purrr::map_dfr(1:nrow(trait_info), function(i) {
  orig <- trait_info$original_name[i]
  trait <- trait_info$trait[i]
  model_type <- trait_info$model_type[i]
  
  if (!(orig %in% names(final_data_extended))) return(NULL)
  
  df <- final_data_extended %>%
    select(cox_lasso_score, all_of(orig)) %>%
    filter(!is.na(cox_lasso_score), !is.na(.data[[orig]]))
  
  fit <- tryCatch({
    if (model_type == "linear") {
      lm(as.formula(paste0("`", orig, "` ~ cox_lasso_score")), data = df)
    } else if (model_type == "logistic") {
      glm(as.formula(paste0("`", orig, "` ~ cox_lasso_score")), data = df, family = binomial)
    } else if (model_type == "poisson") {
      glm(as.formula(paste0("`", orig, "` ~ cox_lasso_score")), data = df, family = poisson)
    } else {
      return(NULL)
    }
  }, error = function(e) NULL)
  
  if (is.null(fit)) return(NULL)
  
  broom::tidy(fit, conf.int = TRUE) %>%
    filter(term == "cox_lasso_score") %>%
    mutate(trait = trait) %>%
    select(trait, estimate, std.error, statistic, p.value, conf.low, conf.high)
})

results <- results %>%
  mutate(p_adj = p.adjust(p.value, method = "BH"))

# Step 4: Export results
write_tsv(results, "cox_lasso_score_trait_regression_HbSS_only.txt")

Supplementary Table 13
#Association of the Cox LASSO mortality score with predicted mortality

# Define the path to the tissue files
tissue_path <- "NEW_ANALYSIS_JUNE2025/Goeminne_Mortality"

# List all tissue files ending in .txt
tissue_files <- list.files(tissue_path, pattern = "_Mortality_Goeminne\\.txt$", full.names = TRUE)

# Function to read and extract the recalibrated age for each tissue
read_tissue_file <- function(file_path) {
  tissue_name <- str_remove(basename(file_path), "_Mortality_Goeminne\\.txt$")
  df <- read_tsv(file_path, show_col_types = FALSE) %>%
    select(ID, !!paste0(tissue_name, "_relative_log_MortalityHazard_UKBB_recalib"))
  colnames(df)[2] <- paste0(tissue_name, "_log_MortalityHazard")
  return(df)
}

# Read all files and join them by ID
tissue_data <- reduce(map(tissue_files, read_tissue_file), full_join, by = "ID")

# Merge with final_data by matching ParticipantID and ID
final_data_extended <- final_data_extended %>%
  left_join(tissue_data, by = c("ParticipantID" = "ID"))


tissues <- c("Artery", "Brain", "Immune", 
             "Intestine", "Kidney", "Liver", "Lung", 
             "Skin", "Conventional")

library(dplyr)
library(broom)
library(readr)

# Step 1: Create tissue-specific variable names
tissue_traits <- paste0(tissues, "_log_MortalityHazard")

# Step 2: Run regressions for HbSS only
results <- purrr::map_dfr(tissue_traits, function(varname) {
  if (!(varname %in% names(final_data_extended))) return(NULL)
  
  df <- final_data_extended %>%
    select(cox_lasso_score, all_of(varname)) %>%
    filter(!is.na(cox_lasso_score), !is.na(.data[[varname]]))
  
  fit <- tryCatch({
    lm(as.formula(paste0("`", varname, "` ~ cox_lasso_score")), data = df)
  }, error = function(e) NULL)
  
  if (is.null(fit)) return(NULL)
  
  broom::tidy(fit, conf.int = TRUE) %>%
    filter(term == "cox_lasso_score") %>%
    mutate(tissue = gsub("_log_MortalityHazard", "", varname)) %>%
    select(tissue, estimate, std.error, statistic, p.value, conf.low, conf.high)
})

# Step 3: Adjust p-values with FDR (BH)
results <- results %>%
  mutate(p_adj = p.adjust(p.value, method = "BH"))

# Step 4: Export results
write_tsv(results, "cox_lasso_score_vs_log_MortalityHazard_HbSS_only.txt")

Supplementary Table 14
#Z-scores of DeltaAge with clinical variables

# Loop over tissues to create DeltaAge columns
for (tissue in tissues) {
  pred_col <- paste0(tissue, "_PredAge")
  delta_col <- paste0(tissue, "_DeltaAge")
  
  # Create delta column if the PredAge column exists
  if (pred_col %in% colnames(final_data_extended)) {
    final_data_extended[[delta_col]] <- final_data_extended[[pred_col]] - final_data_extended$Age
  } else {
    warning(paste("Missing column:", pred_col))
  }
}


# Store results
regression_results <- list()

# Loop through each trait and tissue
for (i in seq_len(nrow(reg_types))) {
  trait <- reg_types$trait[i]
  model_type <- reg_types$model_type[i]

  for (tissue in tissues) {
    # Construct variable name for that tissue
    hazard_var <- paste0(tissue, "_DeltaAge")

    # Check if the variable exists in the dataset
    if (!(hazard_var %in% names(final_data_extended))) {
      warning(paste("Missing variable:", hazard_var, "- skipping."))
      next
    }

    # Construct formula
    formula_str <- paste0(trait, " ~ Sex.1.Male.2.Female + Age + ", hazard_var)
    formula <- as.formula(formula_str)

    # Fit the appropriate model
    fit <- tryCatch({
      if (model_type == "linear") {
        lm(formula, data = final_data_extended)
      } else if (model_type == "logistic") {
        glm(formula, data = final_data_extended, family = "binomial")
      } else if (model_type == "poisson") {
        glm(formula, data = final_data_extended, family = "poisson")
      } else {
        warning(paste("Unknown model type:", model_type, "- skipping."))
        next
      }
    }, error = function(e) {
      warning(paste("Error fitting model for", trait, "in", tissue, ":", e$message))
      return(NULL)
    })

    # Save results
    key <- paste(trait, tissue, sep = "_")
    regression_results[[key]] <- summary(fit)
  }
}

# Initialize empty results table
summary_table <- data.frame(
  trait = character(),
  tissue = character(),
  estimate = numeric(),
  std_error = numeric(),
  p_value = numeric(),
  stringsAsFactors = FALSE
)

for (name in names(regression_results)) {
  parts <- strsplit(name, "_")[[1]]
  trait <- paste(parts[1:(length(parts)-1)], collapse = "_")
  tissue <- parts[length(parts)]

  model_summary <- regression_results[[name]]
  if (is.null(model_summary)) next

  tissue_var <- paste0(tissue, "_DeltaAge")
  if (!(tissue_var %in% rownames(model_summary$coefficients))) next

  coef_data <- model_summary$coefficients[tissue_var, ]

  # Detect p-value column name
  p_col_name <- grep("^Pr\\(>", colnames(model_summary$coefficients), value = TRUE)
  if (length(p_col_name) == 0) {
    p_value <- NA
  } else {
    p_value <- coef_data[[p_col_name]]
  }

  summary_table <- rbind(summary_table, data.frame(
    trait = trait,
    tissue = tissue,
    estimate = coef_data["Estimate"],
    std_error = coef_data["Std. Error"],
    p_value = p_value
  ))
}

# Define your rename map
trait_rename_map <- c(
  "AsepticNecrosis.No.0.Yes.1"         = "Osteonecrosis",
  "GallBladderRemoval.No.0.Yes.1"      = "Cholecystectomy",
  "LegUlcer.0.no.1.yes"                = "LegUlcer",
  "Priapism.No.0.Yes.1"                = "Priapism",
  "Stroke.No.0.Yes.1"                  = "Stroke",
  "WBC"                                = "WBC",
  "PLT"                                = "PLT",
  "Reticulocyte"                       = "Retic",
  "LDH"                                = "LDH",
  "DenseRBC.percent"                   = "denseRBC",
  "Bilirubin"                          = "Bilirubin",
  "MCH"                                = "MCH",
  "MCV"                                = "MCV",
  "RBC"                                = "RBC",
  "Hemoglobin"                         = "HGB",
  "Hematocrit"                         = "HCT",
  "HbF.percent"                        = "HbF",
  "eGFR"                               = "eGFR"
)

# Filter and rename traits in summary_table
summary_table <- summary_table %>%
  filter(trait %in% names(trait_rename_map)) %>%
  mutate(trait = recode(trait, !!!trait_rename_map))

write.table(summary_table, "Regression_DeltaAge_Summary_By_Trait_Tissue.txt", row.names = FALSE, quote = F, sep = "\t")

#Heatmap:

#Compute Zscore:

summary_table$z_score <- summary_table$estimate / summary_table$std_error

library(ggplot2)
library(dplyr)

# Optional: order tissues for better readability
summary_table$tissue <- factor(summary_table$tissue, levels = unique(summary_table$tissue))

summary_table <- summary_table %>%
  mutate(z_score = estimate / std_error) %>%
  group_by(trait) %>%
  mutate(fdr = p.adjust(p_value, method = "fdr")) %>%
  ungroup()

summary_table <- summary_table %>%
  mutate(
    signif_star = case_when(
      p_value < 0.002777778 ~ "***",
      fdr < 0.05        ~ "**",
      p_value < 0.05    ~ "*",
      TRUE              ~ ""
    )
  )


heatmap_plot <- ggplot(summary_table, aes(x = trait, y = tissue, fill = z_score)) +
  geom_tile(color = "white") +
  geom_text(aes(label = signif_star), size = 5, color = "black") +
  scale_fill_gradient2(
    low = "blue", mid = "white", high = "red", midpoint = 0,
    name = "Z-score"
  ) +
  theme_minimal(base_size = 12) +
  labs(
    x = "Trait",
    y = "Tissue",
    title = "Z-score DeltaAge"
  ) +
  theme(
    axis.text.x = element_text(angle = 45, hjust = 1)
  )

ggsave("zscore_heatmap_DeltaAge.tiff", plot = heatmap_plot,
       width = 16, height = 8, dpi = 300, units = "in", device = "tiff")


#Pheatmap:

library(tidyr)
library(dplyr)
library(pheatmap)

library(tibble)

z_matrix <- summary_table %>%
  select(tissue, trait, z_score) %>%
  pivot_wider(names_from = trait, values_from = z_score) %>%
  column_to_rownames("tissue") %>%
  as.matrix()

star_matrix <- summary_table %>%
  select(tissue, trait, signif_star) %>%
  pivot_wider(names_from = trait, values_from = signif_star) %>%
  as.data.frame()

# Move tissue column to row names
rownames(star_matrix) <- star_matrix$tissue
star_matrix$tissue <- NULL

# Convert to matrix
star_matrix <- as.matrix(star_matrix)

# Open TIFF device
tiff("NEW_ANALYSIS_JUNE2025/Figures/zscore_pheatmap_DeltaAge_v2.tiff", width = 14, height = 8, units = "in", res = 300)

# Draw the heatmap
pheatmap(
  z_matrix,
  display_numbers = star_matrix,
  cluster_rows = TRUE,
  cluster_cols = TRUE,
  color = colorRampPalette(c("blue", "white", "red"))(100),
  main = "Z-score Heatmap DeltaAge",
  fontsize_number = 20,
  fontsize = 15,
  border_color = "grey90",
  angle_col = 45
)


# Close TIFF device
dev.off()

# Pivot the table to have traits as columns and tissues as rows
zscore_matrix <- summary_table %>%
  select(tissue, trait, z_score) %>%
  pivot_wider(names_from = trait, values_from = z_score)

# Export to txt file (tab-delimited)
write.table(zscore_matrix, file = "ZScore_Table_Heatmap DeltaAge.txt", 
            sep = "\t", row.names = FALSE, quote = FALSE)

#########
#FIGURES#
#########

All figures are drawn with RStudio. Remember to set your working directory appropriately.

R libraries to load
library(ggplot2)
library(RColorBrewer)
library(ggrepel)
library(tidyverse)
library(forestploter)
library(ComplexHeatmap)

Figure 1A
# Scatter plot conventional predicted mortality and chronological age

library(ggplot2)

# Filter data for HbSS, HbAA, and HbAS groups
selected_groups <- subset(final_merged_adjusted, Group %in% c("HbSS", "HbAA", "HbAS"))

# Recode HbAA and HbAS into one group
selected_groups <- selected_groups %>%
  mutate(Group_recode = case_when(
    Group == "HbSS" ~ "HbSS",
    Group %in% c("HbAA", "HbAS") ~ "HbAA+HbAS",
    TRUE ~ Group  # retain other values if any
  ))

# Plot
conventional_plot <- ggplot(selected_groups, aes(x = Age, y = Transformed_Conventional_relative_log_MortalityHazard, color = Group_recode)) +
  geom_point(alpha = 0.6) +
  geom_smooth(method = "lm", se = FALSE) +
  labs(
    x = "Chronological age",
    y = "Conventional relative log(MortalityHazard)"
  ) +
  scale_color_manual(values = c("HbSS" = "red", "HbAA+HbAS" = "blue")) +
  theme_minimal() +
  theme(legend.title = element_blank())


# Save the plot as a TIFF
ggsave("Conventional_Mortality_Goeminne.tiff", plot = conventional_plot, width = 6, height = 5, dpi = 300, units = "in", device = "tiff")


Figure 1B
# Violin plot predicted mortality
library(tidyverse)
library(ggpubr)

# Set working directory to your folder with the tissue files
setwd("NEW_ANALYSIS_JUNE2025/Goeminne_Mortality")

# List all tissue data files
files <- list.files(pattern = "_Mortality_Goeminne.txt$")

# Function to read, extract Mort, and tidy group names
read_and_prepare <- function(file) {
  df <- read_tsv(file, show_col_types = FALSE)
  tissue <- str_remove(file, "_Mortality_Goeminne.txt")
  mort_col <- grep("_relative_log_MortalityHazard_UKBB_recalib$", names(df), value = TRUE)
  
  df %>%
    mutate(
      Tissue = tissue,
      Mort = .data[[mort_col]],
      Group = case_when(
        Group == "HbSS" ~ "HbSS",
        Group %in% c("HbAA", "HbAS") ~ "HbAA+HbAS",
        TRUE ~ Group
      )
    ) %>%
    select(ID, Group, Age, Sex, Tissue, Mort)
}

# Combine all tissues into one dataframe
combined_data <- map_dfr(files, read_and_prepare)

# Compute Wilcoxon p-values for each tissue
pvals <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS")) %>%
  group_by(Tissue) %>%
  summarise(p.value = wilcox.test(Mort ~ Group)$p.value) %>%
  mutate(
    label = sprintf("italic('P')~'='~%.3g", p.value)   # clean parse expression
  )

# Find y-position for each tissue's star annotation
y_positions <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS")) %>%
  group_by(Tissue) %>%
  summarise(y.position = max(Mort, na.rm = TRUE) + 2)

# Merge with y positions
pvals <- left_join(pvals, y_positions, by = "Tissue")

# For the Conventional tissue only
pval_conventional <- pvals %>%
  filter(Tissue == "Conventional")

# Plot
plot_conventional <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS"), Tissue == "Conventional") %>%
  ggplot(aes(x = Group, y = Mort, fill = Group)) +
  geom_violin(trim = FALSE, alpha = 0.5) +
  geom_boxplot(width = 0.2, outlier.shape = NA) +
  geom_text(
    data = pval_conventional,
    aes(x = 1.5, y = y.position, label = label),
    inherit.aes = FALSE,
    size = 5,
    parse = TRUE    # let ggplot parse the math
  ) +
  labs(
    y = "Predicted relative log(mortality hazard)",
    x = NULL,
    fill = "Group"
  ) +
  scale_fill_manual(values = c("HbSS" = "#E41A1C", "HbAA+HbAS" = "#377EB8")) +
  theme_minimal(base_size = 13) +
theme(
  axis.text.x = element_text(size = 12, colour = "black"),
  axis.ticks.x = element_blank(),
  legend.position = "none"
)

print(plot_conventional)


ggsave("NEW_ANALYSIS_JUNE2025/Figures/Figure_3A_Violin_Conventional_Mortality_v3.tiff", plot_conventional, width = 6, height = 6, dpi = 300)


Figure 1C
#Forest plot : Conventional model

dt <- data.frame(
    Model = c("Conventional", "Conventional adj."),
    est = c(1.7, 2.2),
    low = c(1.1, 1.3),
    high = c(2.5, 3.6),
    CoxP = c(0.0133, 0.00321)
)

dt$HR_95CI <- sprintf("%.1f (%.1f, %.1f)", dt$est, dt$low, dt$hi)
dt$` ` <- paste(rep(" ", 20), collapse = " ")

fig_dt <- dt[, c(1, 6, 7, 5)]

p <- forest(fig_dt,
            est = dt$est,
            lower = dt$low,
            upper = dt$hi,
            ci_column = 3,
            ref_line=1)

Figure 1D
# Kaplan Meir curve
# Plot
library(survminer)
library(ggplot2)

kaplan <- ggsurvplot(
  fit,
  data = data_q1_q4,
  pval = TRUE,
  conf.int = TRUE,
  palette = c("#00BFC4", "#F8766D"),
  title = "Kaplan-Meier curve stratified\nfor the predicted relative log(mortality hazard)",
  xlab = "Time (days)",
  ylab = "Survival probability",
  legend.labs = c("Q1", "Q4"),
  legend.title = ""
)

# Center the title
kaplan$plot <- kaplan$plot +
  theme(plot.title = element_text(hjust = 0.5))


# Save as TIFF (high resolution for publication-quality)
ggsave(
  filename = "NEW_ANALYSIS_JUNE2025/Figures/Kaplan_v3.tiff",
  plot = kaplan$plot,
  width = 6,          # adjust width
  height = 6,         # adjust height
  dpi = 300,           # resolution (300 for publication)
  compression = "lzw"  # LZW compression reduces file size
)

Figure 1E
# Heatmap predicted mortality with traits and complications

library(tidyr)
library(dplyr)
library(pheatmap)


library(tibble)

z_matrix <- summary_table %>%
  select(tissue, trait, z_score) %>%
  pivot_wider(names_from = trait, values_from = z_score) %>%
  column_to_rownames("tissue") %>%
  as.matrix()

star_matrix <- summary_table %>%
  select(tissue, trait, signif_star) %>%
  pivot_wider(names_from = trait, values_from = signif_star) %>%
  as.data.frame()

# Move tissue column to row names
rownames(star_matrix) <- star_matrix$tissue
star_matrix$tissue <- NULL

# Convert to matrix
star_matrix <- as.matrix(star_matrix)

# Open TIFF device
tiff("NEW_ANALYSIS_JUNE2025/Figures/zscore_pheatmap_log_MortHR_v5.tiff", width = 14, height = 8, units = "in", res = 300)

# Draw the heatmap
pheatmap(
  z_matrix,
  display_numbers = star_matrix,
  cluster_rows = TRUE,
  cluster_cols = TRUE,
  color = colorRampPalette(c("blue", "white", "red"))(100),
  main = "Z-score Heatmap log_MortHR",
  fontsize_number = 20,
  fontsize = 15,
  border_color = "grey90",
  angle_col = 45
)

# Close TIFF device
dev.off()

Figure 2A
#Volcano plot 
ggplot(data = mortality, aes(x = HR, y = -log10(pFDR))) + geom_point() + geom_hline(yintercept = -log10(0.05), col = "gray", linetype = 'dashed') +
  geom_vline(xintercept = 1, col = "gray", linetype = 'dashed') + labs(x = expression("Hazard ratio"), y = expression("-log"[10]*"FDR")) + 
  geom_label_repel(aes(label = label), box.padding   = 0.75, point.padding = 0.5, segment.color = 'grey50', max.overlaps=500) + theme_classic()

Figure 2B
#Scatter plot
genmod_ukbb <- read.table("Cox_GenMod_UKBB_June2025_v2.txt", header=T, sep="\t")

cor.test(genmod_ukbb$HR_GenMod, genmod_ukbb$HR)
#Pearson's product-moment correlation

#data:  genmod_ukbb$HR_GenMod and genmod_ukbb$HR
#t = 12.627, df = 1419, p-value < 2.2e-16
#alternative hypothesis: true correlation is not equal to 0
#95 percent confidence interval:
# 0.2702807 0.3638047
#sample estimates:
#      cor 
#0.3178155 

genmod_ukbb <- transform(genmod_ukbb, Padj_hetero = p.adjust(genmod_ukbb$Pvalue_het, method="BH"))

write.table(genmod_ukbb, "Cox_GenMod_UKBB_June2025_v3.txt", sep="\t", quote=F, row.names=F)

genmod_ukbb <- read.table("Cox_GenMod_UKBB_June2025_v3.txt", header=T, sep="\t")

genmod_ukbb_nonNA <- subset(genmod_ukbb, genmod_ukbb$HR>0)

ggplot(data=genmod_ukbb_nonNA, aes(x = HR_GenMod, y =HR, color=Het_group)) + geom_abline(intercept=0, slope=1, col = "gray", linewidth=1.5, linetype = 'dashed') + geom_point() + 
  labs(x = expression("Hazard ratio (GEN-MOD)"), y = expression("Hazard ratio (UKBB)")) + theme_classic(base_size=15) + xlim(0.5,3) + ylim(0.5,2.5) +
  scale_color_discrete(name="") + theme(legend.position="inside", legend.position.inside=c(0.8,0.2)) +
  geom_label_repel(aes(label = label), box.padding   = 0.75, point.padding = 0.5, segment.color = 'grey50', max.overlaps=500)

Figure 2C
#Forest plot
forest_gen <- read.csv("ForrestPlot_GENMOD_UKBB_v2.csv")

forest_gen$`Mortality` <- paste(rep(" ", 40), collapse = " ")

forest_gen$HR_95CI <- paste(sprintf("%.1f (%.1f, %.1f)", forest_gen$HR_Genmod, forest_gen$X95_low_genmod, forest_gen$X95_high_genmod),
                            sprintf("%.1f (%.1f, %.1f)", forest_gen$HR_ukbb, forest_gen$X95_low_ukbb, forest_gen$X95_high_ukbb),
                            sep = "\n")

tm <- forest_theme(base_size = 12, refline_lty = "solid", ci_pch = c(15, 18), ci_col = c("#377eb8", "#4daf4a"), legend_name = "Cohort",
                   legend_value = c("GEN-MOD", "UKBB"), vertline_lty = c("dashed", "dotted"), vertline_col = c("#d6604d", "#bababa"), core = list(padding = unit(c(4, 3), "mm")))

p <- forest(forest_gen[, c(1, 20, 19, 18)], est = list(forest_gen$HR_Genmod, forest_gen$HR_ukbb), lower = list(forest_gen$X95_low_genmod, forest_gen$X95_low_ukbb), 
            upper = list(forest_gen$X95_high_genmod, forest_gen$X95_high_ukbb), ci_column = 3, ref_line = 1, nudge_y = 0.4, theme = tm)

Figure 3
#Heatmaps
#Complications (binary)
comp <- read.csv("Proteins_Cox499_Complications.csv")
comp <- comp[,1:6]
comp2 <- comp[,-1]
row.names(comp2) <- comp[,1]
comp2 <- as.matrix(comp2)

comp_heatmap <- Heatmap(comp2, name="Zscores", row_names_gp=gpar(fontsize=7), row_dend_width = unit(50,"mm"))

#Quantitative traits
qt <- read.csv("Proteins_Cox499_QT.csv")
qt <- qt[,1:14]
qt2 <- qt[,-1]
row.names(qt2) <- qt[,1]
qt2 <- as.matrix(qt2)

qt_heatmap <- Heatmap(qt2, name="Zscores", row_names_gp=gpar(fontsize=7), row_dend_width = unit(50,"mm"))

Figure 4A
#Violin plots DeltaAge across tissues
library(tidyverse)
library(ggpubr)

# Set working directory to your folder with the tissue files
setwd("NEW_ANALYSIS_JUNE2025/Goeminne_Organ_Ages")

# List all tissue data files
files <- list.files(pattern = "_Goeminne.txt$")


# Define selected tissues
selected_tissues <- c("Artery", "Brain", "Conventional", "Immune",
                      "Intestine", "Kidney", "Liver", "Lung", "Skin")
                      
                      

# Compute Wilcoxon p-values for selected tissues
pvals <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS"), Tissue %in% selected_tissues) %>%
  group_by(Tissue) %>%
  summarise(p.value = wilcox.test(DeltaAge ~ Group)$p.value) %>%
  mutate(
    # Format the p-value nicely
    pval_text = ifelse(p.value < 0.001, format(p.value, scientific = TRUE, digits = 2), round(p.value, 3)),
    # Create label for plot with italic p
    label = paste0("italic(p)==", pval_text)
  )

# Y-position for labels
y_positions <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS"), Tissue %in% selected_tissues) %>%
  group_by(Tissue) %>%
  summarise(y.position = max(DeltaAge, na.rm = TRUE) + 2)

# Merge with p-values
pvals <- left_join(pvals, y_positions, by = "Tissue")

library(ggtext)

# Create HTML/markdown labels with <br> for line break
tissue_labels <- pvals %>%
  mutate(
    label_with_p = paste0(
      Tissue, 
      "<br><span style='font-size:9pt;'>(<i>P</i>=", signif(p.value, 3), ")</span>"
    )
  ) %>%
  select(Tissue, label_with_p) %>%
  deframe()
  
# Plot with ggtext strips
plot_mosaic <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS"), Tissue %in% selected_tissues) %>%
  ggplot(aes(x = factor(1), y = DeltaAge, fill = Group)) +
  geom_violin(trim = FALSE, alpha = 0.5, position = position_dodge(width = 1.2)) +
  geom_boxplot(width = 0.2, outlier.shape = NA, position = position_dodge(width = 1.2)) +
  facet_wrap(~ Tissue, scales = "free_y", ncol = 5, labeller = as_labeller(tissue_labels)) +
  labs(y = "DeltaAge", x = NULL, fill = "Group") +
  scale_fill_manual(values = c("HbSS" = "#E41A1C", "HbAA+HbAS" = "#377EB8")) +
  theme_minimal(base_size = 13) +
  theme(
    axis.text.x = element_blank(),
    axis.ticks.x = element_blank(),
    strip.text = element_textbox_simple(
      size = 11,
      lineheight = 1.1,
      halign = 0.5,  # center align
      valign = 0.5,
      margin = margin(t = 2, b = 2)
    ),
    legend.position = "top"
  )

print(plot_mosaic)

ggsave("NEW_ANALYSIS_JUNE2025/Figures/Violin_DeltaAge_v2.tiff", plot_mosaic, width = 10, height = 7, dpi = 300)

Figure 4B
# Heatmap DeltaAge  with traits and complications

library(tidyr)
library(dplyr)
library(pheatmap)

library(tibble)

z_matrix <- summary_table %>%
  select(tissue, trait, z_score) %>%
  pivot_wider(names_from = trait, values_from = z_score) %>%
  column_to_rownames("tissue") %>%
  as.matrix()

star_matrix <- summary_table %>%
  select(tissue, trait, signif_star) %>%
  pivot_wider(names_from = trait, values_from = signif_star) %>%
  as.data.frame()

# Move tissue column to row names
rownames(star_matrix) <- star_matrix$tissue
star_matrix$tissue <- NULL

# Convert to matrix
star_matrix <- as.matrix(star_matrix)

# Open TIFF device
tiff("NEW_ANALYSIS_JUNE2025/Figures/zscore_pheatmap_DeltaAge_v2.tiff", width = 14, height = 8, units = "in", res = 300)

# Draw the heatmap
pheatmap(
  z_matrix,
  display_numbers = star_matrix,
  cluster_rows = TRUE,
  cluster_cols = TRUE,
  color = colorRampPalette(c("blue", "white", "red"))(100),
  main = "Z-score Heatmap DeltaAge",
  fontsize_number = 20,
  fontsize = 15,
  border_color = "grey90",
  angle_col = 45
)


# Close TIFF device
dev.off()

Supplementary Figure 1A
# PCA plot for batch

# Convert the matrix to wide format
matrix_wide <- reshape(matrix, idvar = "ParticipantID", timevar = "Assay", direction = "wide")

# Remove NA values if any
matrix_wide[is.na(matrix_wide)] <- 0

# Perform PCA
pca_result <- prcomp(matrix_wide[, -1], scale = TRUE)

# Extract the principal components
pc1 <- pca_result$x[, 1]
pc2 <- pca_result$x[, 2]

# Define a color palette for each plate
plate_colors <- rainbow(6)

# Open TIFF device
tiff("PCA_by_Plate.tiff", width = 6, height = 6, units = "in", res = 300)

# Create an empty plot for all plates
plot(pc1, pc2, xlab = "PC1", ylab = "PC2", main = "PCA Plot")

# Loop over plates 1 to 6
for (plate_num in 1:6) {
  subset_plate <- subset(data, Plate == as.character(plate_num))
  plate_samples <- unique(subset_plate$ParticipantID)
  plate_indices <- which(matrix_wide$ParticipantID %in% plate_samples)
  
  # Highlight points for the current plate
  points(pc1[plate_indices], pc2[plate_indices], col = plate_colors[plate_num], pch = 16)
}

# Add legend
legend("bottomleft", legend = c("1", "2", "3", "4", "5", "6"), 
       col = plate_colors, pch = 16, title = "Plates")

# Close the TIFF device
dev.off()

Supplementary Figure 1B
#PCA plot for sex

# Convert the matrix to wide format
matrix_wide <- reshape(matrix, idvar = "ParticipantID", timevar = "Assay", direction = "wide")

# Remove NA values if any
matrix_wide[is.na(matrix_wide)] <- 0

# Perform PCA
pca_result <- prcomp(matrix_wide[, -1], scale = TRUE)

# Extract the principal components
pc1 <- pca_result$x[, 1]
pc2 <- pca_result$x[, 2]

# Define a color palette for each plate
plate_colors <- rainbow(2)

# Open TIFF device
tiff("PCA_by_sex.tiff", width = 6, height = 6, units = "in", res = 300)

# Create an empty plot for all plates
plot(pc1, pc2, xlab = "PC1", ylab = "PC2", main = "PCA Plot")

# Loop over sex 1 to 2
for (plate_num in 1:2) {
  subset_plate <- subset(data, Sex.1.Male.2.Female == as.character(plate_num))
  plate_samples <- unique(subset_plate$ParticipantID)
  plate_indices <- which(matrix_wide$ParticipantID %in% plate_samples)
  
  # Highlight points for the current plate
  points(pc1[plate_indices], pc2[plate_indices], col = plate_colors[plate_num], pch = 16)
}

# Add legend
legend("bottomleft", legend = c("1", "2"), 
       col = plate_colors, pch = 16, title = "Sex")

# Close the TIFF device
dev.off()

Supplementary Figure 1C
#PCA plot for genotypes

subset_hbss <- subset(data, BetaGlobinGenotype == "HbSS")
hbss <- unique(subset_hbss$ParticipantID)
hbss_indices <- which(matrix_wide$ParticipantID %in% hbss)

subset_hbas <- subset(data, BetaGlobinGenotype == "HbAS")
hbas <- unique(subset_hbas$ParticipantID)
hbas_indices <- which(matrix_wide$ParticipantID %in% hbas)

subset_hbaa <- subset(data, BetaGlobinGenotype == "HbAA")
hbaa <- unique(subset_hbaa$ParticipantID)
hbaa_indices <- which(matrix_wide$ParticipantID %in% hbaa)

# Plot PCA
plot(pc1, pc2, xlab = "PC1", ylab = "PC2", main = "PCA Plot")

points(pc1[hbss_indices], pc2[hbss_indices], col = "red", pch = 16) 
points(pc1[hbas_indices], pc2[hbas_indices], col = "green", pch = 16) 
points(pc1[hbaa_indices], pc2[hbaa_indices], col = "blue", pch = 16)

legend("bottomleft", legend = c("HbSS", "HbAS", "HbAA"), 
       col = c("red", "green", "blue"), pch = 16, title = "Groups")


# Open TIFF device
tiff("PCA_genotypes.tiff", width = 6, height = 6, units = "in", res = 300)

# Plot commands
plot(pc1, pc2, type = "n")  # Empty plot to set up the axes
points(pc1[hbss_indices], pc2[hbss_indices], col = "red", pch = 16)
points(pc1[hbas_indices], pc2[hbas_indices], col = "green", pch = 16)
points(pc1[hbaa_indices], pc2[hbaa_indices], col = "blue", pch = 16)
legend("bottomleft", legend = c("HbSS", "HbAS", "HbAA"), 
       col = c("red", "green", "blue"), pch = 16, title = "Groups")

# Close TIFF device
dev.off()

Supplementary Figure 2
#Volcano plot
setwd("")

diffexp <- read.table("DiffExp_SCD_vs_non-SCD.txt", sep="\t", header=T)

p1 <- ggplot(data = diffexp, aes(x = logFC, y = -log10(adj.P.Val))) + geom_point() + geom_hline(yintercept = -log10(0.05), col = "gray", linetype = 'dashed') +
  geom_vline(xintercept = 1, col = "gray", linetype = 'dashed') + geom_vline(xintercept = -1, col = "gray", linetype = 'dashed') + 
  labs(x = expression("L2FC"), y = expression("-log"[10]*"FDR")) + geom_label_repel(aes(label = Label)) + theme_classic()

Supplementary Figure 3A
#Violin plots for predicted mortality across tissues

library(tidyverse)
library(ggpubr)

# Set working directory to your folder with the tissue files
setwd("NEW_ANALYSIS_JUNE2025/Goeminne_Mortality")

# List all tissue data files
files <- list.files(pattern = "_Mortality_Goeminne.txt$")

# Function to read, extract Mort, and tidy group names
read_and_prepare <- function(file) {
  df <- read_tsv(file, show_col_types = FALSE)
  tissue <- str_remove(file, "_Mortality_Goeminne.txt")
  mort_col <- grep("_relative_log_MortalityHazard_UKBB_recalib$", names(df), value = TRUE)
  
  df %>%
    mutate(
      Tissue = tissue,
      Mort = .data[[mort_col]],
      Group = case_when(
        Group == "HbSS" ~ "HbSS",
        Group %in% c("HbAA", "HbAS") ~ "HbAA+HbAS",
        TRUE ~ Group
      )
    ) %>%
    select(ID, Group, Age, Sex, Tissue, Mort)
}

# Combine all tissues into one dataframe
combined_data <- map_dfr(files, read_and_prepare)


# Define selected tissues
selected_tissues <- c("Artery", "Brain", "Immune",
                      "Intestine", "Kidney", "Liver", "Lung", "Skin")
                      
                      

# Compute Wilcoxon p-values for selected tissues
pvals <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS"), Tissue %in% selected_tissues) %>%
  group_by(Tissue) %>%
  summarise(p.value = wilcox.test(Mort ~ Group)$p.value) %>%
  mutate(
    # Format the p-value nicely
    pval_text = ifelse(p.value < 0.001, format(p.value, scientific = TRUE, digits = 2), round(p.value, 3)),
    # Create label for plot with italic p
    label = paste0("italic(P)==", pval_text)
  )

# Y-position for labels
y_positions <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS"), Tissue %in% selected_tissues) %>%
  group_by(Tissue) %>%
  summarise(y.position = max(Mort, na.rm = TRUE) + 2)

# Merge with p-values
pvals <- left_join(pvals, y_positions, by = "Tissue")

library(ggtext)

# Create HTML/markdown labels with <br> for line break
tissue_labels <- pvals %>%
  mutate(
    label_with_p = paste0(
      Tissue, 
      "<br><span style='font-size:9pt;'>(<i>P</i>=", signif(p.value, 3), ")</span>"
    )
  ) %>%
  select(Tissue, label_with_p) %>%
  deframe()
  
plot_mosaic <- combined_data %>%
  filter(Group %in% c("HbSS", "HbAA+HbAS"), Tissue %in% selected_tissues) %>%
  ggplot(aes(x = factor(1), y = Mort, fill = Group)) +
  geom_violin(trim = FALSE, alpha = 0.5, position = position_dodge(width = 1.2)) +
  geom_boxplot(width = 0.2, outlier.shape = NA, position = position_dodge(width = 1.2)) +
  facet_wrap(~ Tissue, scales = "free_y", ncol = 4, labeller = as_labeller(tissue_labels)) +
  labs(y = "Predicted relative log(mortality hazard)", x = NULL, fill = "Group") +
  scale_fill_manual(values = c("HbSS" = "#E41A1C", "HbAA+HbAS" = "#377EB8")) +
  theme_minimal(base_size = 13) +
  theme(
    axis.text.x = element_blank(),
    axis.ticks.x = element_blank(),
    strip.text = element_textbox_simple(
      size = 11,
      lineheight = 1.1,
      halign = 0.5,
      valign = 0.5,
      margin = margin(t = 2, b = 2)
    ),
    legend.position = "top"
  )

print(plot_mosaic)

ggsave("NEW_ANALYSIS_JUNE2025/Figures/Mort_Violin_Mosaic_v3.tiff", plot_mosaic, width = 8, height = 6, dpi = 300)

Supplementary Figure 3B
#Forest plots for predicted mortality across tissues

library(ggplot2)
library(dplyr)
library(readr)
library(forcats)
library(patchwork)

# === Load your data
cox_data <- read_tsv("NEW_ANALYSIS_JUNE2025/Mortality_Cox/Organ_Models_Cox_Pred_Mortality.txt")


cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Artery" = "Artery_log_MortalityHazard"))

cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Brain" = "Brain_log_MortalityHazard"))
                                
cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Conventional" = "Conventional_log_MortalityHazard"))                                

cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Immune" = "Immune_log_MortalityHazard"))

cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Intestine" = "Intestine_log_MortalityHazard"))

cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Kidney" = "Kidney_log_MortalityHazard"))

cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Liver" = "Liver_log_MortalityHazard"))

cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Lung" = "Lung_log_MortalityHazard"))
                                
cox_data <- cox_data %>%
  mutate(pred_mort = fct_recode(pred_mort,
                                "Skin" = "Skin_log_MortalityHazard"))                                

cox_data <- cox_data %>%
  mutate(pred_mort = fct_reorder(pred_mort, desc(p_value)))

# === Forest Plot
forest_plot <- ggplot(cox_data, aes(x = HR, y = pred_mort)) +
  geom_point(size = 2, color = "black") +
  geom_errorbarh(aes(xmin = lower_95, xmax = upper_95), height = 0) +
  geom_vline(xintercept = 1, linetype = "dashed", color = "black") +
  scale_x_log10() +
  labs(x = "Hazard ratio with death and 95% CI", y = NULL) +
  theme_minimal(base_size = 13) +
  theme(
    plot.title = element_text(hjust = 0.5),
    panel.grid.major.y = element_blank(),
    panel.grid.major.x = element_blank(),
    panel.grid.minor = element_blank(),
    axis.line.x = element_line(color = "black"),
    axis.ticks.x = element_line(color = "black")
  )

# === p-value Column
pval_plot <- ggplot(cox_data, aes(y = pred_mort, x = 1, label = sprintf("p = %.3g", p_value))) +
  geom_text(size = 4, hjust = 0) +
  scale_x_continuous(limits = c(1, 1.1)) +
  theme_void() +
  theme(
    plot.title = element_text(hjust = 0.5),
    plot.margin = margin(l = -40, t = 20)
  ) +
  labs(title = "p-value")

# === CI bounds Column
ci_plot <- ggplot(cox_data, aes(y = pred_mort, x = 1,
                                label = sprintf("[%.2f – %.2f]", lower_95, upper_95))) +
  geom_text(size = 4, hjust = 0) +
  scale_x_continuous(limits = c(1, 1.15)) +
  theme_void() +
  theme(
    plot.title = element_text(hjust = 0.5),
    plot.margin = margin(l = -50, t = 20)
  ) +
  labs(title = "95% CI")

# === Combine all plots with patchwork
final_plot <- forest_plot + pval_plot + ci_plot + plot_layout(widths = c(3, 1.2, 1.5))

# === Display the plot
print(final_plot)

# Save as TIFF (high resolution for publication-quality)
ggsave(
  filename = "Forest.tiff",
  plot = final_plot,
  width = 9,          # adjust width
  height = 4,         # adjust height
  dpi = 300,           # resolution (300 for publication)
  compression = "lzw"  # LZW compression reduces file size
)

Supplementary Figure 4C
#Forest plot
dt <- data.frame(
  Model = c("Lung","Skin","Artery","Immune","Intestine","Kidney","Liver","Brain"),
  est = c(1.6, 1.9, 1.8, 1.5, 1.5, 1.4, 1.3, 1.1),
  low = c(1.2,	1.3,	1.2,	1.1,	1.1,	1.0, 1.0,	0.7),
  high = c(2.1,	2.7,	2.5,	2.1,	2.0,	1.9,	1.9,	1.5),
  CoxP = c(0.00064,	0.0011,	0.0035,	0.01,	0.017,	0.045,	0.083,	0.74)
)

dt$HR_95CI <- sprintf("%.1f (%.1f, %.1f)", dt$est, dt$low, dt$hi)
dt$` ` <- paste(rep(" ", 20), collapse = " ")

fig_dt <- dt[, c(1, 6, 7, 5)]

p <- forest(fig_dt,
            est = dt$est,
            lower = dt$low,
            upper = dt$hi,
            ci_column = 3,
            ref_line=1)

Supplementary Figure 5B
#Forest plot
dt <- data.frame(
  Model = c("Intestine", "Skin", "Lung", "Immune", "Kidney", "Liver", "Conventional", "Artery", "Brain"),
  est = c(1.6, 1.6, 1.5, 1.4, 1.4, 1.3, 1.1, 1.1, 0.9),
  low = c(1.2, 1.2, 1.1, 1.0, 1.0, 0.9, 0.6, 0.7, 0.6),
  high = c(2.2, 2.1, 2.1, 2.0, 1.9, 1.8, 2.0, 1.6, 1.3),
  CoxP = c(0.0038, 0.0032, 0.018, 0.048, 0.052, 0.11, 0.74, 0.80, 0.54)
)

dt$HR_95CI <- sprintf("%.1f (%.1f, %.1f)", dt$est, dt$low, dt$hi)
dt$` ` <- paste(rep(" ", 20), collapse = " ")

fig_dt <- dt[, c(1, 6, 7, 5)]

p <- forest(fig_dt,
            est = dt$est,
            lower = dt$low,
            upper = dt$hi,
            ci_column = 3,
            ref_line=1)




