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Supplementary file 1. Analysis Code

# Analysis Code
# Complete-case analysis, all-case sensitivity analysis,
# staggered DID, and stacked DID

rm(list = 1s())
# === = == = == = ===
# README

# the association between robotic surgical system adoption and
# hospital-level radical prostatectomy (RP) volume.
#

# The raw linked hospital-level dataset is not redistributed.
# To run this script, users should prepare a hospital-year panel
# dataset with one row per hospital-year.

#

# Required input columns:

#  hospital_id Unique numeric hospital identifier

#  fiscal_year Fiscal year

#  rp_volume Annual number of radical prostatectomies
# rp_los Average length of stay for radical prostatectomy
#  robot_system_count  Number of robotic surgical systems reported
#

# Expected structure:

#  hospital_id | fiscal_year | rp_volume | rp_los | robot_system_count
#

# Notes:

# - Missing values are treated as missing information, not as zero.
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- The adoption year is defined before restricting hospitals by RP volume.
- Complete-case analysis includes hospitals with complete RP volume,
RP length of stay, and robotic system status across all fiscal years.
- All-case sensitivity analysis follows the original analytic definition:
1) hospitals with robotic system information in at least one fiscal year;
2) hospital-year observations with RP volume >= 1 and RP length of stay >= 1;
3) missing fiscal years are allowed.
- Previous adopters are retained for descriptive classification but
excluded from DID estimation because robotic system adoption occurred
before the observation period.
- For stacked DID, hospital_id is treated as the original numeric identifier
to reproduce the original model specification.
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#0. Packages
# === = ————T—T—T = ———_—T—T—T =

required_ packages< c(

tidyr",
"purrr",
"stringr",
"readr",
Ildidll
"d|d23"
"broom",
"fixest"

)

missing_packages <- required_packages[
Irequired_packages %in% rownames(installed.packages())

if (length(missing_packages) > 0) {

stop(
"The following packages are not installed: ",
paste(missing_packages, collapse =", ")

}
invisible(lapply(required_packages, library, character.only = TRUE))

#1. Settmgs

input_file <- "data/hospital_year_panel.csv"
target_years <- 2016:2023

first_year <- min(target_years)

last_year <- max(target years)

set.seed(12345)

# === =T = T =
#2. Load and check input data

data_raw <- read_csv(input_file, show_col_types = FALSE)

required_cols <- ¢(
"hospital_id",
"fiscal_year",
"rp_volume",
"rp_los",



"robot_system_count"

)

missing_cols <- setdiff(required_cols, names(data_raw))

if (length(missing_cols) > 0) {

stop(
"The following required columns are missing: ",
paste(missing_cols, collapse =", ")
}
data_raw <- data_raw %>%
mutate(

hospital_id = as.numeric(hospital_id),

fiscal_year = as.integer(fiscal_year),

rp_volume = as.numeric(rp_volume),

rp_los = as.numeric(rp_los),

robot_system_count = as.numeric(robot_system_count)
) %>%
filter(fiscal_year %in% target_years)

# === = == = == =
#3. Deflne robotlc surgical system adoptlon year

adoption_year_data <- data_raw %>%
filter(
lis.na(robot_system_count),
robot_system_count > 0
) %>%
group_by(hospital_id) %>%
summarise(
adoption_year = min(fiscal_year),
.groups = "drop"

#4. ASS|gn adoptlon group and DID tlmlng variable
# === —====== —====== -

assign_adoption_group <- function(df, adoption_year_data) {

df %>%
left_join(adoption_year data, by = "hospital_id") %>%
mutate(
adoption_group = case_when(
lis.na(adoption_year) & adoption_year <= first_year ~ "Previous adopters",
; lis.na(adoption_year) & adoption_year > first_year & adoption_year <= last_year ~ "New
adopters”,
is.na(adoption_year) | adoption_year > last_year ~ "Non-adopters",
TRUE ~ NA_character_
G = case_when(
adoption_group == "New adopters" ~ adoption_year,
adoption_group == "Non-adopters" ~ 0,
adoption_group == "Previous adopters" ~ first_year,
TRUE ~ NA_reaI_
)1
adoption_group = factor(
adoption_group,
levels = c("Previous adopters"”, "New adopters"”, "Non-adopters")

)
) %>%
filter(



lis.na(rp_volume),
lis.na(adoption_group),
lis.na(G)

# 5. Create complete-case and all-case analysis datasets

# === = —_—====—== = —_—====== =

create_analysis_data <- function(data_raw, analysis_type = c(""complete”, "all")) {
analysis_type <- match.arg(analysis_type)
if (analysis_type == "complete") {

# Complete-case hospitals:
# - observed in every fiscal year
# - non-missing RP volume in every fiscal year
# - RP volume >= 1 in every fiscal year
# - non-missing RP length of stay in every fiscal year
# - RP length of stay >= 1 in every fiscal year
# - non-missing robotic surgical system status in every fiscal year
valid_hospitals <- data_raw %>%
group_by(hospital_id) %>%
summarise(
has_all years = n_distinct(fiscal_year) == length(target_years),
complete_robot_status = all(!is.na(robot_system_count)),
complete_rp_volume = all(!is.na(rp_volume) & rp_volume >= 1),
complete_rp_los = all(tis.na(rp_los) & rp_los >= 1),
.groups = "drop"
) %>%
filter(
has_all_years,
complete_robot_status,
complete_rp_volume,
complete_rp_los
) %>%
pull(hospital_id)

analysis_data <- data_raw %>%
filter(
hospital_id %in% valid_hospitals,
fiscal_year %in% target_years
)
}

if (analysis_type == "all") {

# All-case sensitivity analysis:
# - hospitals must have robotic system information in at least one fiscal year
# - hospital-year observations must have RP volume >=1
# - hospital-year observations must have RP length of stay >=1
# - missing fiscal years are allowed
valid_hospitals <- data_raw %>%
group_by(hospital_id) %>%
summarise(
has_robot_info = any(!is.na(robot_system_count)),
.groups = "drop"
) %>%
filter(has_robot_info) %>%
pull(hospital_id)

analysis_data <- data_raw %>%
filter(



hospital_id %in% valid_hospitals,
fiscal_year %in% target_years,
rp_volume >=1,
rp_los>=1
)
}

did_panel_all <- analysis_data %>%
assign_adoption_group(adoption_year_data)

did_panel_primary <- did_panel_all %>%
filter(adoption_group != "Previous adopters")

list(
analysis_data = analysis_data,
did_panel_all = did_panel_all,
did_panel_primary = did_panel_primary

¥

complete_data <- create_analysis_data(data_raw, "complete")
all_case_data <- create_analysis_data(data_raw, "all")

# 6. Staggered DID using Callaway and Sant'Anna

get_overall_results <- function(overall_att, analysis_label) {

if (is.list(overall_att)) {
overall_att_value <- overall_att$overall.att
overall_se value <- overall_attSoverall.se
Yelse {
overall_att value <- as.numeric(overall_att["overall.att"])
overall_se_value <- as.numeric(overall_att["overall.se"])

}
tibble(
analysis = analysis_label,
overall_att = overall_att_value,
se = overall_se_value,
ci_lower = overall_att value - 1.96 * overall_se_value,
ci_upper = overall_att_value + 1.96 * overall_se_value
)
}
run_staggered_did <- function(did_panel_primary,
analysis_label,
allow_unbalanced_panel) {
set.seed(12345)

att_gt_result <- att_gt(
yname = "rp_volume",
tname = "fiscal_year",
idname = "hospital_id",
gname ="G",
data = did_panel_primary,
control_group = "nevertreated",
est_method ="dr",
allow_unbalanced_panel = allow_unbalanced_panel,
clustervars = "hospital_id",
bstrap = TRUE,
biters = 999



dynamic_att <- aggte(att_gt_result, type = "dynamic")
overall_att <- aggte(att_gt_result, type = "simple")
group_att <- aggte(att_gt_result, type = "group™)

event_study_results <- tibble(
analysis = analysis_label,
event_time = dynamic_att$egt,
att = dynamic_att$att.egt,
se = dynamic_att$se.egt,
ci_lower = att - 1.96 * se,
ci_upper = att + 1.96 * se

)

group_att_results <- tibble(
analysis = analysis_label,
adoption_year = group_att$egt,
att = group_att$att.egt,
se = group_att$se.egt,
ci_lower = att - 1.96 * se,
Ci_upper = att + 1.96 * se

)

overall_att_results <- get_overall_results(overall_att, analysis_label)

list(
att_gt_result = att_gt_result,
dynamic_att = dynamic_att,
overall_att = overall_att,
group_att = group_att,
event_study_results = event_study_results,
group_att_results = group_att_results,
overall_att results = overall_att results

)
¥

complete_staggered <- run_staggered_did(
did_panel_primary = complete_data$did_panel_primary,
analysis_label = "complete",
allow_unbalanced_panel = FALSE

)

all_case_staggered <- run_staggered_did(
did_panel_primary = all_case_data$did_panel_primary,
analysis_label = "all_case",
allow_unbalanced panel = TRUE

)

#7. Stacked DID

# === = —_—=—=——= = —=—=————= = —=—====

run_stacked_did <- function(did_panel_primary, analysis_label) {
adoption_years <- sort(unique(did_panel_primary$G[did_panel_primary$G !=0]))

stacked_panel <- map_dfr(adoption_years, function(gy) {
did_panel_primary %>%
filter(fiscal_year %in% (gy - 1):(gy + 6)) %>%
mutate(
event_time = fiscal_year - gy,
treated = as.integer(fiscal_year >= gy & G == gy),
stack_group = paste0("G", gy)

1} %>%



filter(event_time %in% c(-1, 0, 1, 2, 3, 4, 5, 6)) %>%
mutate(
event_time_factor = relevel(factor(event_time), ref = "-1")

)

stacked_model <- did2s(
data = stacked_panel,
yname = "rp_volume",
first_stage = ~ hospital_id + fiscal _year,
second_stage = ~ i(event_time_factor, treated, ref = "-1"),
treatment = "treated",
cluster_var = "hospital_id"

)

stacked_event_results <- tidy(stacked_model) %>%
filter(str_detect(term, "event_time_factor")) %>%
mutate(
analysis = analysis_label,
event_time = as.numeric(str_extract(term, "-?¥¥d+")),
ci_lower = estimate - 1.96 * std.error,
ci_upper = estimate + 1.96 * std.error
) %>%
arrange(event_time)

list(
stacked_model = stacked_maodel,
stacked_panel = stacked_panel,
stacked_event_results = stacked_event_results

)
¥

complete_stacked <- run_stacked_did(
did_panel_primary = complete_data$did_panel_primary,
analysis_label = "complete"

)

all_case_stacked <- run_stacked_did(
did_panel_primary = all_case_data$did_panel_primary,
analysis_label = "all_case"

)

# 8. Summary result objects

# === = —_—=—=——= = —==—==

staggered_event_study results <- bind_rows(
complete_staggered$event_study results,
all_case_staggered$event_study results

)

staggered_group_att_results <- bind_rows(
complete_staggered$group_att_results,
all_case_staggered$group_att_results

)

staggered_overall_att_results <- bind_rows(
complete_staggered$overall_att_results,
all_case_staggered$overall_att_results

)

stacked_event_study results <- bind_rows(
complete_stacked$stacked_event_results,
all_case_stacked$stacked_event_results

)



# Optional descriptive summaries
hospital_counts_by group <- bind_rows(
complete_data$did_panel_all %>%
count(fiscal_year, adoption_group) %>%
mutate(analysis = "complete™),
all_case_data$did_panel_all %>%
count(fiscal_year, adoption_group) %>%
mutate(analysis = "all_case")

)

rp_volume_trends <- bind_rows(
complete_data$did_panel_all %>%

group_by(fiscal_year, adoption_group) %>%

summarise(
n_hospitals = n_distinct(hospital_id),
total_rp_volume = sum(rp_volume, na.rm = TRUE),
mean_rp_volume = mean(rp_volume, na.rm = TRUE),
sd_rp_volume = sd(rp_volume, na.rm = TRUE),
.groups = "drop"

) %>%

mutate(analysis = "complete™),

all_case_data$did_panel_all %>%

group_by(fiscal_year, adoption_group) %>%

summarise(
n_hospitals = n_distinct(hospital_id),
total_rp_volume = sum(rp_volume, na.rm = TRUE),
mean_rp_volume = mean(rp_volume, na.rm = TRUE),
sd_rp_volume = sd(rp_volume, na.rm = TRUE),
.groups = "drop"

) %>%

mutate(analysis = "all_case")



