As x IR analysis: equivalence & power
Comparing strain specific versus combined strain designs for power and equivalence.
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Results
Consolidated results, liver then testis. SE_ratio ≈ 0.71 confirms pooling roughly doubled the effective sample size; DEG_pool > DEG_single_union is the realised power gain. The equivalence classes read as three outcomes — equivalent, different, inconclusive (underpowered) — so genes we simply cannot resolve are not miscounted as strain-dependent.
1 Liver
1.1 Strain x treatment interaction
	liver — how many genes show a strain x treatment interaction 

	metric 
	value 

	LRT: any strain x treatment (padj<0.05) 
	86 

	Wald: strain:IR genes (padj<0.05) 
	38 

	Wald: strain:As_dose genes (padj<0.05) 
	13 

	genes tested 
	15145 


1.2 Equivalence of the strain:IR response (three outcomes)
	liver — strain:IR classification, ALL testable genes 

	class 
	n 
	pct 

	equivalent 
	13619 
	87.9 

	different 
	21 
	0.1 

	inconclusive 
	1845 
	11.9 



	liver — strain:IR classification, expressed genes (baseMean >= 50, n = 11458) 

	class 
	n 
	pct 

	equivalent 
	11003 
	96.0 

	different 
	10 
	0.1 

	inconclusive 
	445 
	3.9 


1.3 Between-strain difference in the IR response (effect size)
	liver — quantiles of |strain:IR log2FC| (Delta-free evidence) 

	quantile 
	abs_log2FC 

	50% 
	0.107 

	90% 
	0.461 

	95% 
	0.657 

	99% 
	1.286 



	liver — % equivalent vs equivalence bound 

	bound 
	pct_all 
	pct_expressed 

	Delta=0.5 
	64.1 
	82.8 

	Delta=1 
	87.9 
	96.0 

	Delta=2 
	98.2 
	99.2 


1.4 Power gained by pooling both strains
	liver — pooled vs single-strain, per treatment effect 

	effect 
	n_pool 
	medSE_pool 
	medSE_single 
	SE_ratio 
	DEG_pool 
	DEG_single_union 
	DEG_single_each 

	As-high 
	56 
	0.092 
	0.131 
	0.70 
	321 
	736 
	134/613 

	As-low 
	56 
	0.089 
	0.125 
	0.71 
	323 
	857 
	21/847 

	IR 
	56 
	0.086 
	0.121 
	0.72 
	509 
	1854 
	1108/878 


2 Testis
2.1 Strain x treatment interaction
	testis — how many genes show a strain x treatment interaction 

	metric 
	value 

	LRT: any strain x treatment (padj<0.05) 
	721 

	Wald: strain:IR genes (padj<0.05) 
	815 

	Wald: strain:As_dose genes (padj<0.05) 
	39 

	genes tested 
	22241 


2.2 Equivalence of the strain:IR response (three outcomes)
	testis — strain:IR classification, ALL testable genes 

	class 
	n 
	pct 

	equivalent 
	21034 
	92.3 

	different 
	83 
	0.4 

	inconclusive 
	1670 
	7.3 



	testis — strain:IR classification, expressed genes (baseMean >= 50, n = 17929) 

	class 
	n 
	pct 

	equivalent 
	17316 
	96.6 

	different 
	27 
	0.2 

	inconclusive 
	586 
	3.3 


2.3 Between-strain difference in the IR response (effect size)
	testis — quantiles of |strain:IR log2FC| (Delta-free evidence) 

	quantile 
	abs_log2FC 

	50% 
	0.137 

	90% 
	0.431 

	95% 
	0.571 

	99% 
	1.050 



	testis — % equivalent vs equivalence bound 

	bound 
	pct_all 
	pct_expressed 

	Delta=0.5 
	62.8 
	75.5 

	Delta=1 
	92.3 
	96.6 

	Delta=2 
	98.8 
	99.4 


2.4 Power gained by pooling both strains
	testis — pooled vs single-strain, per treatment effect 

	effect 
	n_pool 
	medSE_pool 
	medSE_single 
	SE_ratio 
	DEG_pool 
	DEG_single_union 
	DEG_single_each 

	As-high 
	56 
	0.117 
	0.157 
	0.75 
	247 
	1299 
	1284/16 

	As-low 
	56 
	0.113 
	0.150 
	0.75 
	494 
	3898 
	668/3264 

	IR 
	56 
	0.110 
	0.146 
	0.75 
	9527 
	13876 
	4795/11239 


3 Notes
1. Equivalence uses raw MLE LFC/SE for the strain:IR coefficient (not apeglm) — shrinkage pulls estimates toward zero and would inflate apparent equivalence.
1. Single-strain arms are themselves underpowered (n ≈ 26 / 30 minus interaction parameters); their instability is expected and is itself evidence that a per-strain design is under-powered relative to the pooled factorial model.
1. Deterministic check: for a main effect, SE ∝ 1/√n, so pooling two strains gives an expected pooled/single SE ratio of √(n_single/n_pooled) ≈ 0.68–0.73.

4 Analysis functions
All statistics are computed by three functions, defined once and called per tissue. 
## ============================================================================
## (1) strain x treatment interaction: counts + Wald fit for the strain:IR coef
## ============================================================================
strain_interaction <- function(counts, meta, alpha = ALPHA, min_count = MINCT) {
  dds <- DESeqDataSetFromMatrix(round(counts), meta,
           design = ~ strain + As_dose + IR + strain:As_dose + strain:IR + As_dose:IR)
  dds <- dds[rowSums(counts(dds)) >= min_count, ]

  ## LRT: are the two strain-interaction terms jointly needed?
  dds_lrt <- DESeq(dds, test = "LRT",
                   reduced = ~ strain + As_dose + IR + As_dose:IR, quiet = TRUE)
  res_lrt <- results(dds_lrt)
  n_lrt   <- sum(res_lrt$padj < alpha, na.rm = TRUE)

  ## Wald fit for per-term counts + the strain:IR coefficient
  dds_w <- DESeq(dds, quiet = TRUE)
  rn <- resultsNames(dds_w)
  ir_coefs <- rn[grepl("strain", rn) & grepl("IR", rn)      & !grepl("As_dose", rn)]
  as_coefs <- rn[grepl("strain", rn) & grepl("As_dose", rn) & !grepl("\\bIR", rn)]
  count_sig <- function(coefs) {
    if (!length(coefs)) return(NA_integer_)
    sig <- rep(FALSE, nrow(dds_w))
    for (cf in coefs) { ri <- results(dds_w, name = cf)
                        sig <- sig | (!is.na(ri$padj) & ri$padj < alpha) }
    sum(sig)
  }
  res_ir <- results(dds_w, name = ir_coefs[1])          # 2 strains -> 1 coef

  summary <- data.frame(
    metric = c("LRT: any strain x treatment (padj<0.05)",
               "Wald: strain:IR genes (padj<0.05)",
               "Wald: strain:As_dose genes (padj<0.05)",
               "genes tested"),
    value  = c(n_lrt, count_sig(ir_coefs), count_sig(as_coefs),
               sum(!is.na(res_lrt$padj))))
  list(summary = summary, res_ir = res_ir, ir_coefs = ir_coefs)
}

## ============================================================================
## (2) HONEST equivalence on the strain:IR coefficient (three outcomes)
## ============================================================================
equivalence_report <- function(res_ir, alpha = ALPHA, delta = DELTA, bm_floor = BM) {
  est <- res_ir$log2FoldChange; se <- res_ir$lfcSE; bm <- res_ir$baseMean
  ok  <- !is.na(est) & !is.na(se) & !is.na(res_ir$padj)
  tost_p <- function(est, se, D) pmax(pnorm((est + D)/se, lower.tail = FALSE),
                                      pnorm((est - D)/se, lower.tail = TRUE))
  ## three-outcome classification
  cls <- rep("inconclusive", length(est))
  cls[ok & tost_p(est, se, delta) < alpha]            <- "equivalent"
  cls[ok & res_ir$padj < alpha & abs(est) >= delta]   <- "different"
  expr <- ok & bm >= bm_floor
  mk <- function(sel) { tb <- table(factor(cls[sel],
                          c("equivalent","different","inconclusive")))
                        data.frame(class = names(tb), n = as.integer(tb),
                                   pct = round(100*as.integer(tb)/sum(tb), 1)) }
  ## effect-size distribution (Delta-free)
  q  <- quantile(abs(est[ok]), c(.5,.9,.95,.99))
  eq <- data.frame(quantile = names(q), abs_log2FC = round(as.numeric(q), 3))
  ## Delta sensitivity of the equivalent fraction
  sens <- do.call(rbind, lapply(c(0.5, 1.0, 2.0), function(D) {
    pe <- tost_p(est, se, D)
    data.frame(bound = paste0("Delta=", D),
               pct_all = round(100*mean(pe[ok] < alpha), 1),
               pct_expressed = round(100*mean(pe[expr] < alpha), 1)) }))
  list(classes_all = mk(ok), classes_expressed = mk(expr), n_expressed = sum(expr),
       effect_quantiles = eq, sensitivity = sens)
}

## ============================================================================
## (3) POWER GAIN from pooling both strains vs one strain at a time
##     loops the 3 treatment effects; pooled fit + 2 single fits per tissue
## ============================================================================
power_gain <- function(counts, meta, alpha = ALPHA, bm = BM, min_count = MINCT) {
  dds_pool <- DESeqDataSetFromMatrix(round(counts), meta,
                design = ~ strain + As_dose * IR)
  dds_pool <- dds_pool[rowSums(counts(dds_pool)) >= min_count, ]
  dds_pool <- DESeq(dds_pool, quiet = TRUE)

  la <- levels(colData(dds_pool)$As_dose); li <- levels(colData(dds_pool)$IR)
  EFFECTS <- list()
  if (length(la) >= 2) EFFECTS[["As-high"]] <- c("As_dose", la[length(la)], la[1])
  if (length(la) >= 3) EFFECTS[["As-low"]]  <- c("As_dose", la[2], la[1])
  if (length(li) >= 2) EFFECTS[["IR"]]      <- c("IR", li[length(li)], li[1])

  strains <- levels(factor(meta$strain))
  singles <- setNames(lapply(strains, function(s) {
    keep <- meta$strain == s; mdi <- droplevels(meta[keep, , drop = FALSE])
    mdi$As_dose <- factor(mdi$As_dose, levels = la); mdi$IR <- factor(mdi$IR, levels = li)
    dei <- DESeqDataSetFromMatrix(round(counts[, keep]), mdi, design = ~ As_dose * IR)
    dei <- dei[rowSums(counts(dei)) >= min_count, ]
    tryCatch(DESeq(dei, quiet = TRUE),
             error = function(e) { design(dei) <- ~ As_dose + IR; DESeq(dei, quiet = TRUE) })
  }), strains)

  safe_res <- function(dds, ctr) tryCatch(results(dds, contrast = ctr), error = function(e) NULL)
  rows <- list()
  for (eff in names(EFFECTS)) {
    ctr <- EFFECTS[[eff]]
    rp  <- safe_res(dds_pool, ctr); rss <- lapply(singles, safe_res, ctr)
    if (is.null(rp) || any(vapply(rss, is.null, TRUE))) next
    ## common gene universe + re-BH-adjust (single fits keep more genes)
    have_p <- function(r) rownames(r)[!is.na(r$pvalue)]
    shared <- Reduce(intersect, c(list(have_p(rp)), lapply(rss, have_p)))
    readj  <- function(r) { r <- r[shared, ]; r$padj <- p.adjust(r$pvalue, "BH"); r }
    rp <- readj(rp); rss <- lapply(rss, readj)
    okexpr <- shared[rp$baseMean >= bm]
    medSE  <- function(r) median(r[okexpr, "lfcSE"], na.rm = TRUE)
    nDEG   <- function(r) sum(r$padj < alpha, na.rm = TRUE)
    degset <- function(r) rownames(r)[which(r$padj < alpha)]
    se_single <- mean(sapply(rss, medSE))
    rows[[length(rows)+1]] <- data.frame(
      effect = eff, n_pool = ncol(dds_pool),
      medSE_pool = round(medSE(rp), 3), medSE_single = round(se_single, 3),
      SE_ratio = round(medSE(rp)/se_single, 2),
      DEG_pool = nDEG(rp),
      DEG_single_union = length(Reduce(union, lapply(rss, degset))),
      DEG_single_each = paste(sapply(rss, nDEG), collapse = "/"))
  }
  do.call(rbind, rows)
}

## small table printer that works for both html and pdf output
emit <- function(df, cap) {
  print(kable(df, caption = cap, booktabs = TRUE, row.names = FALSE) |>
        kable_styling(latex_options = c("HOLD_position"), full_width = FALSE))
}
5 Liver — data
final_merged_se <- readRDS(file.path(workdir, "Rdata",
  "AsIR_liver_.gene.SummarizedExperiment.rds"))
ID_data <- read_xlsx(file.path(workdir, "base_data", "RIN_IDs_merged_AsIR_testes.xlsx"),
                     sheet = "RIN_lenker_AsIR_T_NSC") %>% dplyr::select(1, 18, 19, 20, 17, 21, 22)

counts_raw <- assay(final_merged_se, "counts")
gs <- rowData(final_merged_se)$gene_name
gs[is.na(gs) | gs == ""] <- rownames(counts_raw)[is.na(gs) | gs == ""]
rownames(counts_raw) <- make.unique(gs)
counts_matrixL <- counts_raw

sample_metadataL <- data.frame(
    label = pull(ID_data, 6), group = pull(ID_data, 3),
    strain = pull(ID_data, 7), stringsAsFactors = FALSE) %>%
  mutate(
    As_dose = case_when(group %in% c("Control","LDR") ~ "none",
                        group %in% c("LAs","IRLAs")   ~ "low",
                        group %in% c("HAs","IRHAs")   ~ "high"),
    IR      = case_when(group %in% c("Control","LAs","HAs") ~ "no",
                        group %in% c("LDR","IRLAs","IRHAs") ~ "yes")) %>%
  mutate(As_dose = factor(As_dose, levels = c("none","low","high")),
         IR      = factor(IR, levels = c("no","yes")),
         strain  = factor(strain),
         group   = factor(group, levels = c("Control","LAs","HAs","LDR","IRLAs","IRHAs"))) %>%
  filter(!is.na(group))
sample_metadataL$label_full <- paste0("AsIR_L_", sample_metadataL$label)
rownames(sample_metadataL)   <- sample_metadataL$label_full
counts_matrixL <- counts_matrixL[, sample_metadataL$label_full]

cat("LIVER — genes:", nrow(counts_matrixL), "| samples:", ncol(counts_matrixL), "\n")
print(table(sample_metadataL$As_dose, sample_metadataL$IR))
REPORT <- list()
si <- strain_interaction(counts_matrixL, sample_metadataL)
REPORT$liver <- list(
  interaction = si$summary,
  equivalence = equivalence_report(si$res_ir),
  power       = power_gain(counts_matrixL, sample_metadataL))
6 Testis — data
final_merged_se_T <- readRDS(file.path(workdir, "Rdata",
  "AsIR_testes_updated_merged_salmon_renamed.SummarizedExperiment.rds"))
ID_data_T <- read_xlsx(file.path(workdir, "base_data", "RIN_IDs_merged_AsIR_testes.xlsx"),
                       sheet = "RIN_lenker_AsIR_T_NSC") %>% dplyr::select(1, 18, 19, 20, 17, 21, 22)

counts_raw_T <- assay(final_merged_se_T, "counts")
gsT <- rowData(final_merged_se_T)$gene_name
gsT[is.na(gsT) | gsT == ""] <- rownames(counts_raw_T)[is.na(gsT) | gsT == ""]
rownames(counts_raw_T) <- make.unique(gsT)
counts_matrixT <- counts_raw_T

sample_metadataT <- data.frame(
    label = pull(ID_data_T, 6), group = pull(ID_data_T, 3),
    strain = pull(ID_data_T, 7), stringsAsFactors = FALSE) %>%
  mutate(
    As_dose = case_when(group %in% c("Control","LDR") ~ "none",
                        group %in% c("LAs","IRLAs")   ~ "low",
                        group %in% c("HAs","IRHAs")   ~ "high"),
    IR      = case_when(group %in% c("Control","LAs","HAs") ~ "no",
                        group %in% c("LDR","IRLAs","IRHAs") ~ "yes")) %>%
  mutate(As_dose = factor(As_dose, levels = c("none","low","high")),
         IR      = factor(IR, levels = c("no","yes")),
         strain  = factor(strain),
         group   = factor(group, levels = c("Control","LAs","HAs","LDR","IRLAs","IRHAs"))) %>%
  filter(!is.na(group))
rownames(sample_metadataT) <- sample_metadataT$label
counts_matrixT <- counts_matrixT[, sample_metadataT$label]

cat("TESTIS — genes:", nrow(counts_matrixT), "| samples:", ncol(counts_matrixT), "\n")
print(table(sample_metadataT$As_dose, sample_metadataT$IR))
si_T <- strain_interaction(counts_matrixT, sample_metadataT)
REPORT$testis <- list(
  interaction = si_T$summary,
  equivalence = equivalence_report(si_T$res_ir),
  power       = power_gain(counts_matrixT, sample_metadataT))

## optional: persist the tidy tables
saveRDS(REPORT, file.path(OUT_TAB, "AsIR_equivalence_power_REPORT.rds"))

