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Abstract 
Perioperative blood transfusion is associated with poorer 
postoperative outcomes following hip and knee replacement surgery. 
Evidence for the effectiveness of some measures aimed at reducing 
blood transfusions in this setting are limited and often rely on weak 
pre-post study designs. Quasi-experimental study designs such as 
interrupted time series (ITS) and regression discontinuity design (RDD) 
address many of the weaknesses of the pre-post study design. In 
addition, a priori publication of statistical analysis plans for such 
studies increases their transparency and likely validity, as readers are 
able to distinguish between pre-planned and exploratory analyses. As 
such, this article, written prospective of any analysis, provides the 
statistical analysis plan for an ITS and RDD study based on a data set 
of 20,772 primary elective hip and knee replacement patients in a 
single English NHS Trust. The primary aim is to evaluate the impact of 
a preoperative anaemia optimisation service on perioperative blood 
transfusion (within 7 days of surgery) using both ITS and RDD 
methods. A secondary aim is to evaluate the impact of a policy of 
increased tranexamic acid dose given at the time of surgery, using ITS 
methods.
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Introduction
Peri-operative red blood cell (RBC) transfusion is associated  
with poorer post-operative outcomes across surgical disciplines, 
including elective total hip (THR) and knee replacement (TKR) 
surgery1–3. Multi-modal patient blood management (PBM)  
programmes aim to reduce RBC transfusions and the associated  
complications. Two core elements of PBM are peri-operative  
tranexamic acid (TXA) and pre-operative anaemia screening and 
optimisation. However, debate exists around optimal TXA dose 
and there is a lack of high quality randomised controlled trials 
(RCT) into preoperative anaemia screening, with much of the evi-
dence coming from pre-post design observational studies4. The 
pre-post study design is common in the medical literature and 
causal associations are often inferred from them. However, they 
are subject to several flaws, including being unable to separate  
temporal changes from intervention effects and not accounting for 
regression to the mean5. This frequently leads to over-estimation  
of a treatment effect and it has been described as the weakest  
observational study method5,6.

Although RCTs are considered the gold standard for evaluating 
changes in healthcare, they are not always feasible and the results 
may not always be generalisable to real world populations5,7,8.  
A recent study comparing characteristics of patients recruited to 
peri-operative medicine RCTs with national registry data, observed 
significant differences in age, sex and ethnicity, potentially limit-
ing the generalisability of RCT results9. In addition, a RCT into 
preoperative anaemia optimisation may prove challenging as 
this practice is already recommended in multiple guidelines, as  
part of wider PBM programmes10–12. Where a RCT is not feasi-
ble quasi-experimental study designs such as interrupted time 
series (ITS) and regression discontinuity designs (RDD), can pro-
vide more robust evidence as they eliminate some of the threats 
to internal validity seen in pre-post studies.

The prospective publication of statistical analysis plans (SAP) for 
observational studies increases their transparency and likely their 
validity, as readers are able to distinguish between pre-planned 
and exploratory analyses13. This paper, written prospective of any  
analysis being performed, provides the SAP for a quasi- 
experimental study using ITS and RDD methods on a large 
dataset of elective THR and TKR patients from a NHS Trust in  
England.

The primary aim of this study is to evaluate the clinical effec-
tiveness of introducing a preoperative anaemia screening pro-
gramme, which predominantly uses iron treatments, for patients  
undergoing primary, elective THR or TKR surgery. A second-
ary aim is to evaluate the clinical effectiveness of introducing a  
policy of increased intravenous TXA dose on induction of  
anaesthesia (15mg/kg [maximum 1.2g] increased to 30mg/kg  
[max. 2.5g]). Both interventions take place in the presence of a 
well-established, multi-modal, enhanced recovery programme, 
detailed elsewhere14.

Although similar in design, ITS and RDD examine data from  
different perspectives. ITS is concerned with population-level  
changes over time, whilst RDD uses patient-level data to focus 
on effects on outcomes around intervention thresholds. These 
two analyses will provide complimentary results on the effective-
ness of introducing a preoperative anaemia screening programme  
and  an increased TXA dose of 30mg/kg in an NHS Trust15.

Statistical Analysis Plan
Data source
Over time the orthopaedic department at Northumbria Healthcare 
NHS Foundation Trust (NHCT) has introduced a range of inter-
ventions aimed at improving post-operative outcomes for patients 
undergoing elective lower limb arthroplasty. These changes have 
been well documented in a series of published pre-post cohort 
studies (Table 1)14,16,17. This study will focus on the impact of  
two policy changes: 1) increased dose of TXA; and 2) intro-
duction of preoperative anaemia screening. This study will not  
assess the impact of introducing an enhanced recovery pro-
gramme (as the data are not available); however, this is included 
in Table 1 as it represents the time when the initial TXA policy  
(15mg/kg) was introduced (the pre-intervention period for  
the TXA analysis).

As part of on-going service evaluation, a large dataset of 20,772 
primary, elective THR or TKR procedures performed at NHCT 
has been compiled. Procedures included in this dataset are  
those recorded with a procedure code (OPCS4) related to a pri-
mary hip or knee replacement, as detailed in Table 2. Proce-
dures recorded with any other OPCS code are excluded from 
this dataset. The number of procedures included with each  
OPCS code will be reported with the results of this study.

This includes data from hospital electronic record systems, such 
as the Patient Administration System and Blood Transfusion  
database, and a prospectively maintained database for the  
pre-operative anaemia screening service. The dataset includes 

      Amendments from Version 1
Based on peer reviewer comments version 2 of this article 
provides further detail and clarification on a number of 
methodological points for this study. Of note, Table 1 and  
Figure 1 have been clarified to present the data used for 
previously published studies on which this work is based. An 
additional Table 2 outlines the exact procedure codes included in 
this study and an additional Table 3 now clearly outlines the data 
and time periods included in the analyses of this current study. 
The methodology of the paper has been improved and further 
detail provided around model development for both ITS and 
RDD analyses. In particular we have addressed concerns relating 
to data point variability, seasonality, cohort demographics and 
handling differences, non-linear or linear modelling selection, 
bin size and bandwidth selection. Additional sensitivity analyses 
have been included such as modelling the ITS lag period as a 
continuous variable.

Overall, the peer review process has been excellent and has 
improved the quality of our statistical analysis plan manuscript.

Any further responses from the reviewers can be found at 
the end of the article

REVISED
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Table 1. Summary of previously published pre-post comparative cohort studies of interventions introduced in NHCT aimed 
at improving arthroplasty patient outcomes.

Author, year Intervention Pre-intervention Post-intervention
Statistically significant 
outcomes reported by 

authors (p<0.05)

Malviya, 201114 Multimodal Enhanced Recovery 
Programme*

Jan 2004 – April 
2008 (n=1500)

May 2008 – Nov 
2009 (n=3000)

Reduced mortality, transfusions 
and LoS

Morrison, 201716
Increased dose of IV 
Tranexamic acid (30mg/kg max 
2.5g)

May 2008 – July 
2011 (n=2637)

Feb 2012** – Jan 
2013 (n=1814) Reduced transfusions

Pujol-Nicholas, 
201717

Introduction of pre-operative 
anaemia screening and 
optimisation pathway***

Feb 2012 – Jan 
2013 (n=1814)

Feb 2013 – May 2014 
(n=1622)

Reduced transfusion, 
readmissions, critical care 
admissions, LoS and costs.

* Includes introduction of IV Tranexamic acid, 15mg/kg [max 1.2g], at induction of anaesthesia ** Policy introduced in August 2011. This study allowed a 
6-month implementation period to ensure the change in practice had been adopted *** The impact of these policies are being assessed further in this 
study, with an updated dataset
LoS = length of hospital stay

Table 2. Procedure codes (OPCS-4) included in the dataset for this study.

OPCS code Description

W371 Primary total prosthetic replacement of hip joint using cement

W381 Primary total prosthetic replacement of hip joint not using cement

W391 Primary total prosthetic replacement of hip joint NEC

W401 Primary total prosthetic replacement of knee joint using cement

W411 Primary total prosthetic replacement of knee joint not using cement

W421 Primary total prosthetic replacement of knee joint NEC

patient demographics, comorbidities, pre-operative anaemia 
screening results (i.e. haemoglobin concentration, Hb), anaemia  
treatment given, operative details, post-operative complications, 
blood transfusions and length of hospital stay (LoS). The full  
dataset covers a time period from January 2008 to March 2019.

Ethical approval was not required as this is a retrospective study 
of routinely collected data. Local Caldicott guardian approval 
was given for use of these data. Data flow will be presented in a 
STROBE diagram in the resulting publication18. Population charac-
teristics (age, gender, comorbidities, type of surgery) and descrip-
tive statistics will be presented in tables for the cohorts being  
studied. Analyses will be performed using R and RStudio (ver-
sion R-3.6.2 for mac, R Core Team 2013, http://www.R-project.
org/) on an intention to treat basis, and per protocol where pos-
sible. Results will be presented in terms of absolute and relative 
values with 95% confidence intervals where appropriate. Results  
will be considered statistically significant if the p-value ≤0.05.

Outcomes
The primary outcome is the proportion of procedures requiring  
perioperative allogenic RBC transfusion (within 7 days of surgery). 

Secondary outcomes are the quantity of blood transfused per  
procedure (RBC units), LoS per procedure (in days), critical care 
admission rate per 100 procedure (within 30 days post-surgery) 
and emergency readmission rate per 100 procedures (within  
30 days post-surgery)1,2,17.

Interrupted Time Series
ITS using segmented regression has several strengths over the  
pre-post study design. It controls for secular trends over 
time, provides powerful, easy to understand visual outputs,  
and may improve generalisability to the wider population7,8,19.  
For this study, data are available to evaluate both policies  
described above in an ITS analysis.

The two interventions in this study were introduced at spe-
cific, well defined time points, allowing for clear separation of  
pre- and post-intervention periods. Figure 1 provides a timeline 
for the interventions in questions and Table 3 provides details 
of the planned analyses and time periods included in each. As  
shown in Figure 1, the same 12-month time period is used for 
both ITS analyses meaning they are not independent. However, 
there is insufficient time or data points to prevent this overlap,  
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Table 3. Planned ITS analyses.

Policy change Dates Analyses

Change in TXA dose 
policy

Pre-intervention 
01/11/2008 – 31/07/2011 

Excluded implementation 
(lag) period 
01/08/2011 – 31/01/2012 

Post-intervention* 
01/02/2012 – 31/01/2013

PRIMARY – Population-level effects of TXA policy for all patients 
undergoing THR or TKR

Introduction of 
preoperative anaemia 
screening programme

Pre-intervention* 
01/02/2012 – 31/01/2013 

Excluded implementation 
(lag) period 
01/02/2013 – 31/07/2013 

Post-intervention 
01/08/2013 – 31/07/2014 

(sensitivity analysis 
01/08/2013 – 
28/02/2019)

PRIMARY – Population-level effects of anaemia screening programme for 
all patients undergoing THR or TKR (with equal number of data points 
pre- and post-intervention)

SECONDARY - Effect on anaemic subpopulation eligible for any 
treatment as per anaemia pathway (Hb <120g/L, female or 130g/L, 
male)**, modelled against non-anaemic cohort

SECONDARY - Effect on anaemic subpopulation eligible for iron 
treatment only (Hb 105–119g/L female, 115–129g/L male & ferritin 12-
100), modelled against non-anaemic cohort (excluding those with Hb 
<105 or <115 and those referred to GP/haematologist).

SECONDARY - Effect on anaemic subpopulation given iron treatment 
only (as above but only those given iron), modelled against non-anaemic 
cohort (same exclusion as above) – per protocol analysis

* Post-intervention period for TXA policy is the same as the pre-intervention period for anaemia screening programme analysis. **includes GP 
referral, haematology referral or any form of iron

Figure 1. Timeline of patient blood management interventions introduced at Northumbria NHS Foundation Trust and data for 
analyses. ERP = Enhanced Recovery Programme IV = Intravenous, TXA = Tranexamic acid, ITS = interrupted time series, RDD = regression 
discontinuity design.
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and this will be discussed as a potential limitation of the  
study. 

An early step in ITS analysis is to generate summary statistics for 
each time period and undertake simple pre-post comparisons20.  
This will be performed in this study and later compared to the 
results from ITS and RDD analyses.

Data description. ITS is said to work best with short-term out-
comes that change quickly after implementation of an interven-
tion or after a clearly defined lag period8. This study is examining  
short-term outcomes; however, some delays to observed changes 
in outcomes after policy implementation are expected. The 
orthopaedic department has previously reported that a 6-month 
lag period was required to fully adopt the increased TXA dose 
policy16. This same lag will therefore be incorporated into this ITS 
analysis. Regarding the introduction of the preoperative anaemia 
screening programme, staff running the anaemia service report 
that this started promptly on 01/02/2013, after detailed planning, 
and uptake was rapid. However, a lag to observed changes in out-
comes will be inevitable due to surgical waiting list times. Com-
paring screening and surgery dates for the first 10 anaemic and 
10 non-anaemic patients from the cohort shows all but one had  
their surgery within 6 months of screening. Therefore, a 6-month 
implementation (lag) period is also considered appropriate  
following introduction of the anaemia screening service  
(Figure 1). Lag periods will be accounted for by excluding this 
data from the primary analysis21. As individual procedure-level  
data are available, including data indicating whether or not 
anaemia screening was received, an alternative approach to  
handling the lag period for the analysis of the anaemia screen-
ing programme, could be to model the intervention as a continu-
ous implementation variable ranging from 0 to 1, instead of as  
a binary (0/1) variable. This would allow the effect of the inter-
vention to be modelled as a weighted average during the 
6-month implementation period, which could be a more efficient
use of the data available. A sensitivity analysis of this alternative
method for handling the 6-month implementation period
will be included in this study.

ITS requires sequential measures of the outcome, at regu-
lar intervals, before and after the intervention time points20,21. 
In keeping with many ITS studies, individual-level outcome 
data will be converted to, and presented as, proportions or  
means at monthly intervals and a segmented-regression anal-
ysis performed21. ITS plots will be generated and visually 
inspected to determine if linear or non-linear regression mod-
elling is appropriate. A minimum of 8 data points pre- and  
post-intervention are desirable20,21. It is expected the shortest 
time frame being analysed in this study will include 12 months/
data points, thus surpassing this requirement. The power of an 
ITS analysis is increased if there are an equal number of data points 
pre- and post-intervention22. In the case of preoperative anae-
mia screening there are expected to be 12 data points in the pre- 
intervention period but 60 in the post-intervention period. As such, 
to increase power of this analysis this period will be cut to include 
only 12 time points, after the 6 month lag period, for the primary 
analysis of the anaemia screening policy. Sensitivity analysis 
including all post-implementation data points will be conducted.

Addressing threats to validity. Time varying confounders are 
the main threat to the validity of ITS studies21. These are spe-
cific to each ITS study and are carefully considered later in this  
SAP. However, the most robust way to account for time varying 
confounders, even those that are unknown, is to model against a 
control group. This could either be a different population not 
exposed to the intervention or, if individual-level data are avail-
able, by splitting the data into two groups, one group targeted  
by an intervention and another that is not. In this study, data 
for a different group of patients is not available for either inter-
vention. The TXA policy is targeted at all THR or TKR  
patients so this data cannot be split. However, the anaemia 
screening policy targets a specific subgroup of anaemic patients 
with treatments so the population can be split into two groups 
to increase the robustness of this analysis. As such the two  
interventions will be modelled separately: 1) the TXA inter-
vention without a control group, and 2) the anaemia screening  
intervention with a control group.

As individual-level data are available, including data on the  
treatment received as part of the anaemia screening pro-
gramme, there are several ways the ‘anaemic’ subgroup can be  
defined and analysed to give different information. These 
will be explored as secondary analyses. The primary analysis  
will include all patients undergoing THR/TKR in the time 
period, with no splitting into anaemic or non-anaemic subgroups,  
to assess the impact of introducing the anaemia screening 
programme on the entire population of patients undergoing  
THR or TKR. Previous pre-post studies, on an earlier version 
of this dataset, suggest the effect size is large enough for this to  
show through even though only a subpopulation of patients receive 
treatment for anaemia. Secondary analyses such as splitting 
the data into those defined as being anaemic (by the anaemia 
pathway being used) or non-anaemic, allow for modelling with 
a control group and evaluation of the effects of the screen-
ing programme on the subpopulation expected to receive some  
treatment, (i.e. iron, GP or haematology referral), and hence ben-
efit from introduction of the anaemia pathway. It may also be 
possible to explore, specifically, the effects of iron treatment 
on the subpopulation of anaemic patients eligible (ITT) or  
actually given (PP) iron as part of the anaemia screening pro-
gramme. Table 3 details the planned ITS analyses and, where  
appropriate, how the data will be split into two cohorts for  
secondary analyses.

It is expected that the total number of procedures performed 
each month will be close to, or greater than, 100 for each  
time point in the primary analyses. However, as the data is split 
into cohorts (i.e. anaemic v non-anaemic), the number of proce-
dures per month will reduce. This will likely increase the variability  
in the outcomes over time if reported as proportions (i.e. transfu-
sion rate). Sensitivity analyses using event counts not rates will 
be conducted where the number of procedures per month  
drops below 30.

Time varying confounders specific to the primary outcome of this 
study may include other PBM interventions; those relevant will 
be discussed in turn. A restrictive blood transfusion policy was 
introduced Trust-wide in 2007 and has been unchanged since16,17. 
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A multimodal enhanced recovery programme (ERP), including  
IV TXA on induction of anaesthesia, was introduced in May 2008. 
In keeping with other similar policy changes in this unit, a 6-month 
implementation period for the ERP is considered appropriate. To 
account for this, data from 1st January 2008 to 31st October 2008 
will be excluded from this analysis. In addition, patient warming 
has been introduced locally23 but a Cochrane review shows this  
does not affect surgical transfusion rates, so will not be considered 
any further24. Intra-operative cell salvage has never been routinely 
used locally for the procedures being studied. To the best of our 
knowledge, no other relevant co-interventions have been introduced 
during the study period. Any unaccounted for, gradual changes 
in practice, would be detected in the pre-intervention slope of the  
TXA analysis and in the control group for the anaemia analysis.

Other considerations include changes in data coding, validity and 
reliability over time. The data for this study is considered reliable  
as it comes from a number of NHS Trust electronic databases  
detailed earlier in this paper. There have been no material changes 
to data collection methods or outcome reporting over the study 
period.

Changes in the population over time can also affect ITS reli-
ability. There have been no known substantial changes in the 
population served by NHCT over the study period; however, to 
explore this within the data, tables of patient demographics (i.e. 
age, sex) for each of the pre- and post-intervention periods will 
be produced and examined for differences. Should substantial  
differences be identified, these characteristics will be  
incorporated into the final model as covariates, where possible. 

This study includes a continually enrolled population, so is not 
subject to population attrition over time. Although no changes to 
diagnostic criteria for ischaemic heart disease (IHD) are known 
to have occurred during the study period, this comorbidity is spe-
cifically mentioned in the NHCT transfusion policy and lowers 
the threshold for considering transfusion. For completeness, rates 
of IHD will be plotted against time and visually inspected for  
any patterns, particularly around the time of the interventions.  
If required IHD will be included in the ITS modelling.

Developing the model. Data will be inspected for outlier data 
points and, where identified, explanations will be sought and exclu-
sion considered. First order lagged residuals will be included in 
the ITS models to account for autocorrelation20,25. The use of 6-
month implementation periods in this study could be the same time 
between the lowest and highest points in an annual cycle, should 
seasonality affect outcomes. Although this is not expected in this 
instance, a sensitivity analysis including a lag of 12 time points 
(assuming seasonality) will be undertaken to test the robustness 
of the two primary analyses.

Sensitivity analysis. An optimal model will be developed and 
described for these ITS analyses. The impact of decisions taken 
during this process such as inclusion/exclusion of outlying data 
points and autocorrelation adjustments will be tested in sensitivity  
analyses. Further analyses of data stratified by surgery type (THR 
or TKR) and/or by patient gender, will be conducted if data  
permits, as these may impact on outcomes.

Regression discontinuity
RDD estimates the local average treatment effect when treatment  
decisions are based around a cut-off value for a continuous  
variable26. For example, giving iron (the treatment) with the  
intention of reducing RBC transfusion and LoS (the outcomes) 
to patients whose Hb (the assignment variable) falls below a  
pre-defined cut-off of 120g/L for females or 130 g/L for males 
(the threshold). RDD makes use of this threshold and assumes  
that individuals who lie just above it belong to the same popula-
tions those who lie just below it, and assignment to treatment  
or not is considered random27.

The main strength of RDD lies in its ability to achieve a balance  
of unobserved factors in patients that fall, by chance, either 
side of the threshold value, much like a RCT28. The local nature 
of the effect examined in RDD can also be used in optimising  
threshold levels. In this case we may be able to examine if a  
threshold Hb of 120 or 130g/L may be more appropriate for 
females, as is being suggested in some studies12,28–30. As the TXA 
policy affects all patients it is only possible to conduct a RDD 
analysis for the anaemia screening programme, using data since 
the inception of this programme (1st February 2013, Figure 1).

Data description. In this study the continuous assignment  
variable will be preoperative Hb concentration. The outcome 
assessment, for primary and secondary outcomes (listed above), 
are observed universally for patients who receive treatment or not. 
Details of how treatment is assigned has been previously reported, 
and is shown in Figure 217. Notably the treatment thresholds are  
different for males (Hb 130g/L) and females (120g/L), so data  
will be stratified by gender for analysis. The treatment thresh-
olds are based on World Health Organisation definitions for  
anaemia31.

Treatment options from the pathway (Figure 2) include iron 
(oral or IV) or referral for further investigation (to GP or hae-
matologist) prior to surgery. This means it may be possible to  
examine the effects of the anaemia screening policy for all  
anaemic patients (including all treatments), but also to isolate the  
effects of treatment with iron by excluding patients who do 
not qualify for iron treatment (as per the pathway in Figure 2).  
Data permitting these variations will be explored.

Addressing threats to validity. Manipulation of treatment sta-
tus by patients through manipulation of the assignment variable 
(Hb concentration) is highly unlikely. However, it is possible the  
reporting of the assignment variable could be manipulated by 
clinicians, although there is a protocol which healthcare pro-
fessionals are required to, and report they, strictly adhere to.  
Nonetheless, steps will be taken to assess the internal validity 
of the data. A plot of assignment variable (Hb) against probabil-
ity of receiving treatment will be created to inform if a sharp or 
fuzzy design is most appropriate29. A histogram of the assign-
ment variable (Hb) data will be visually inspected for  
bunching around the threshold values. This will also be tested  
using the McCrary density test32. To test if groups either  
side of the threshold are comparable, summary statistics of  
non-outcome variables will be presented for those who fall 
just either side of the threshold. Formal testing (such as t-test 
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Figure 2. Northumbria Healthcare NHS Foundation Trust anaemia pathway demonstrating haemoglobin threshold values used 
to determine treatment17.

for continuous variables) will be undertaken to assess for any  
statistically significant differences between groups either side of the 
threshold. It is predicated that some non-outcome variables such 
as age or comorbidities may affect outcome. As such sensitivity  
analyses incorporating these as covariates are planned regard-
less of the comparability of the two groups. If no differences  
between groups either side of the threshold are seen, this sup-
ports the assumption that assignment around the threshold is  
random and supports that there has been no manipulation of 
treatment status, similar to a RCT28. If differences are seen, 
and it is possible the more anaemic patients (lower Hb) have  
more comorbidities and/or are older, then variables which are 
identified as being different between the two groups will be  
included as covariates in the final model. Similar to ITS, 
RDD is sensitive to co-interventions introduced around the  
threshold Hb value. There are no known co-interventions intro-
duced locally for this patient cohort around the threshold Hb  
values.

Developing the model. In graphical representations of the data,  
Hb will be divided into bins. Outcome data for this study is in the 
form of discrete variables (yes/no: transfused / readmitted / critical 
care admission; and number of inpatient days). As such, outcome 
data will be converted to a probability (i.e. risk of transfusion) 
or average (i.e. mean number of days) for each bin.  To decide  
optimal bin size, plots of Hb and primary outcome (transfusion 
rate) will be generated for a range of bin sizes (i.e. 1, 2 or 5 g/L).  
Visual inspection of these plots will be used to rule out bin sizes 
that are clearly too wide or too narrow. For the remaining bin  
sizes, F-tests using k2 dummies and interactions will be per-
formed to identify bin sizes that do not over smooth the data.  
From the remaining choices the widest bin size that is not  
rejected by either F-test will be chosen32. The same bin size as 

chosen for the primary outcome will be used for plotting other 
outcomes to facilitate comparison. 95% confidence intervals  
will be plotted alongside the probabilities or averages where 
applicable. 

Separate scatter plots of primary and secondary outcomes 
against Hb will be created. These will be inspected visually for a  
jump at the threshold value, indicative of a treatment effect. 
Data will be inspected for outlying data points and consideration 
given to exclusion. Sensitivity analysis with and without  
outlying data points will be performed.

As the sample size for this analysis is relatively small a  
parametric estimation of treatment effect will be used for the pri-
mary analysis using logistic regression32. Length of stay will be  
considered as a continuous outcome. The F-test will be used 
to determine the optimal functional form of the parametric 
regression model. Starting with a simple linear model, a 
higher order term will be added to the model until the F-test is  
no longer statistically significant32. 

For the dichotomous outcomes of transfusion, readmission 
and readmission to critical care, logistic regression will be  
used. In all analyses, the simplest valid model will be pre-
ferred. Robustness checks of the models in which the outermost  
1, 5 and 10% of data points are dropped will be conducted.

A nonparametric (local linear regression) approach will be 
taken in sensitivity analyses, within which the bandwidth will  
be determined by the cross-validation method32. Further analy-
ses with data stratified by surgery type (THR or TKR) will  
be conducted where data permits.
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Comparing ITS and RDD
Both ITS and RDD have significant advantages over the typical  
pre-post analysis often seen in medical literature. When an  
intervention is introduced rapidly and short-term outcomes are 
frequently assessed, ITS can be considered a sub-type of RDD 
in which the assignment variable is time and the cut-off occurs  
when the policy is introduced28.

It is unusual to have a dataset amenable to both types of analysis; 
however, they provide different perspectives. Whilst both deigns 
share the strength of not being bound by the selective inclusion  
criteria of a RCT, thus potentially improving generalisability, 
they also have their limitations.

In the case of RDD, in order to ensure groups either side of the  
threshold are similar the focus is on an effect close to the  
threshold value. (i.e. female patients with Hb 119 or 121g/L  
are likely very similar, but those with Hb 90 or 140 are likely 
different in other, unmeasured parameters). This limits the  

generalisability of findings to values that lie far from the  
threshold. In the case of ITS the results can be impacted by 
several factors such as autocorrelation and unmeasured con-
founders, which we have attempted to address in the analysis  
design. Also, the findings from ITS can only indicate an  
associative not a causal relationship between intervention and 
outcomes, whereas RDD has the potential to demonstrate  
causation.

Dissemination
Publication of study results will be sought in a high impact  
journal.

Study status
Study data has been collected and analysis pending awaiting  
publication of this statistical analysis plan.

Data availability
No data is associated with this article.
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Al Ozonoff   
1 Precision Vaccines Program, Division of Infectious Diseases, Boston Children's Hospital, Boston, 
MA, USA 
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The authors provide a prospective statistical analysis plan for a forthcoming study of orthopedic 
surgical cases from the UK National Health Service (NHS). The study uses quasi-experimental 
Interrupted Time Series (ITS) and Regression Discontinuity (RD) designs. The statistical analysis 
plan (SAP) is clear and well-written although there are some aspects that could be clarified. It is 
understood that many details of the model development will be determined upon examination of 
the data and thus a prospective statistical analysis plan should not be over-specified. However, 
there are some important elements of the modeling process that could be further explained in 
terms of what available methods might be considered. 
 
Specific comments follow:

Data source. There could be more added to the section on data sources. The data set 
includes N=20,772 patients who have undergone primary elective THR or TKR surgeries at 
NHCT. Are there any surgeries excluded? A brief 1-2 sentences to state explicitly and 
formally the inclusion and exclusion criteria would be useful. 
 

1. 

Interrupted Time Series. The exclusion of data from the six month period following each 
intervention seems overly conservative. Since the data are available for screening versus 
surgery time, the intervention can be modeled not as a binary (0/1) indicator but rather as a 
continuous implementation variable ranging from 0 to 1, estimated by the monthly 
proportion of surgeries for which patients received screening. Thus the effect of the 
intervention is modeled as a weighted average during the six month period following 
intervention which is a more efficient use of data and should provide a more precise 
estimate of the intervention effect. 
 

2. 

The discussion of threats to ITS validity does not give much credit to the possibility that the 
patient population may change over the course of the study evaluation. While the authors 

3. 
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note that there are no known changes in the overall population served by NHCT, it seems 
more plausible that there are shifts in demographics or other characteristics of the 
population receiving THR or TKR. Simple examinations of sex, age, and other clinical factors 
over the 11+ years of the study period seem warranted if only to verify that there are no 
major changes in the study population. 
 
The discussion of threats to RDD validity could be sharpened. Most of the methods 
described involve visual inspection of graphical parameters with little formal testing 
planned. Comparability of groups on either side of the threshold might test formally the 
hypothesis of difference between groups as would be done for an RCT. It is not explained 
how bandwidth selection would address the threat to validity posed by incomparability, 
especially if an observed difference might be explained by manipulation of the assignment 
variable. 
 

4. 

Describing model development, the bins for Hg will be chosen from options of 1, 2, or 5 g/L 
each with no explanation of what considerations are important nor how the data will drive 
the decision. Similarly, there should be detail provided on which ‘data driven methods’ will 
inform bandwidth selection. 
 

5. 

There is no discussion of how to determine the functional form of the regression. What 
alternatives are considered if the relationship between Hg and outcome does not appear 
linear. There is a mention that non-linear models are considered without much insight into 
what methods are available in this case. 
 

6. 

Minor edits/corrections:
Outcomes p3. Rates might be better specified with the appropriate denominator e.g. 30-day 
critical care readmission rate (per 1000 surgeries). 
 

1. 

Data description p5. Typo ‘determin’ => ‘determine’. 
 

2. 

Regression discontinuity p5. Typo ‘populationas’ => ‘population as’. 
 

3. 

Addressing threats to validity p6. Typo ‘adhered to’ => ‘adhere to’. 
 

4. 

Final phrase ‘Whereas RDD…’ is a fragment => combine with the previous sentence. 
 

5. 

 
Is the rationale for, and objectives of, the study clearly described?
Yes

Is the study design appropriate for the research question?
Yes

Are sufficient details of the methods provided to allow replication by others?
Partly

Are the datasets clearly presented in a useable and accessible format?
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I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Author Response 26 Mar 2021
Ashley Scrimshire, University of York, UK, York, UK 

Thank you for taking the time to prove considered feedback on our article and for engaging 
in further discussion on your comments, this is very much appreciated. Your comments 
have been incorporated into the revised manuscript and a summary of our responses is 
given below. 
 
Comment: Data source. There could be more added to the section on data sources. The 
data set includes N=20,772 patients who have undergone primary elective THR or TKR 
surgeries at NHCT. Are there any surgeries excluded? A brief 1-2 sentences to state 
explicitly and formally the inclusion and exclusion criteria would be useful. 
 
Response: Thank you for your comment. This has been clarified in the text and Table 2 now 
presents the eligible procedure codes. 
 
Comment: Interrupted Time Series. The exclusion of data from the six month period 
following each intervention seems overly conservative. Since the data are available 
for screening versus surgery time, the intervention can be modeled not as a binary 
(0/1) indicator but rather as a continuous implementation variable ranging from 0 to 
1, estimated by the monthly proportion of surgeries for which patients received 
screening. Thus the effect of the intervention is modeled as a weighted average 
during the six month period following intervention which is a more efficient use of 
data and should provide a more precise estimate of the intervention effect. 
 
Response: This is a very interesting point and thank you for engaging in further discussion 
on this. The paper has been updated. We now plan to include a sensitivity analysis 
modelling the intervention as a continuous implementation variable as suggested by the 
reviewer. 
 
Comment: The discussion of threats to ITS validity does not give much credit to the 
possibility that the patient population may change over the course of the study 
evaluation. While the authors note that there are no known changes in the overall 
population served by NHCT, it seems more plausible that there are shifts in 
demographics or other characteristics of the population receiving THR or TKR. Simple 
examinations of sex, age, and other clinical factors over the 11+ years of the study 
period seem warranted if only to verify that there are no major changes in the study 
population. 
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Response: Thank you for highlighting this oversight, we agree with your comments. We will 
include comparison of key patient demographics and characteristics in the pre- and post-
intervention groups. This has been included in the text. 
 
Comment: The discussion of threats to RDD validity could be sharpened. Most of the 
methods described involve visual inspection of graphical parameters with little formal 
testing planned. Comparability of groups on either side of the threshold might test 
formally the hypothesis of difference between groups as would be done for an RCT.  
 
Response: Thank you for your advice on these points. The manuscript has been updated to 
make this more robust. In particular we plan to generate tables and undertake statistical 
tests comparing non-outcome characteristics for groups either side of the threshold. 
 
Comment: It is not explained how bandwidth selection would address the threat to 
validity posed by incomparability, especially if an observed difference might be 
explained by manipulation of the assignment variable. 
 
Response: As detailed in the updated manuscript, manipulation of the assignment variable 
by patients is not considered likely in this scenario. However this will be explored within the 
data. 
 
We have now clarified our analysis plans in the manuscript. As such bandwidth selection is 
only relevant to our planned non-parametric sensitivity analysis, rather than the primary 
parametric analyses which will use all data. Sensitivity analyses in which the model 
incorporates predicted factors that may influence outcome such as age, comorbidities, will 
be undertaken. In addition, variables that are identified as being unbalanced between the 
two groups (i.e. as a result of possible manipulation of the assignment variable) will be 
included as covariates in further sensitivity analyses. 
 
Comment: Describing model development, the bins for Hg will be chosen from options 
of 1, 2, or 5 g/L each with no explanation of what considerations are important nor 
how the data will drive the decision. Similarly, there should be detail provided on 
which ‘data driven methods’ will inform bandwidth selection. 
 
Response: Agreed, we were not clear on our approach to this. The text has been updated. 
We intend to first plot data using a range of bin sizes and visually inspect these to rule out 
ones that are clearly too wide or too narrow. We will go on to conduct F-tests (using 2k 
dummies and interactions) to identify bin widths that over smooth the data. From the 
remaining choices we will pick the widest bin size that is not rejected by either F-test. As for 
bandwidth selection, this is only relevant to our planned nonparametric sensitivity analysis. 
Here we intend to use the cross-validation method to inform bandwidth selection. 
 
Comment: There is no discussion of how to determine the functional form of the 
regression. What alternatives are considered if the relationship between Hg and 
outcome does not appear linear. There is a mention that non-linear models are 
considered without much insight into what methods are available in this case. 
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Response: Agreed, we had not been clear on this, the text has now been updated. Our 
intentions are that after bin size has been selected plots will first be inspected visually. The 
F-Test approach will then be used to determine the functional form of the regression. 
Starting with a simple linear model and adding a higher order term until the F-test is no 
longer statistically significant. Robustness checks for this model in which the outer most 1,5 
and 10% of data points are dropped will be conducted. 
 
Comment: Outcomes p3. Rates might be better specified with the appropriate 
denominator e.g. 30-day critical care readmission rate (per 1000 surgeries). 
 
Response: Agreed, this has now been updated in the text 
 
Comment: Typos/grammar: 
Data description p5. Typo ‘determin’ => ‘determine’. 
Regression discontinuity p5. Typo ‘populationas’ => ‘population as’. 
Addressing threats to validity p6. Typo ‘adhered to’ => ‘adhere to’. 
Final phrase ‘Whereas RDD…’ is a fragment => combine with the previous sentence 
 
Response: These have been corrected, thank you for highlighting.  
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David Reeves   
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Manchester Academic Health Science Centre (MAHSC), University of Manchester, Manchester, UK 

It is very welcome to see a statistical analysis plan for an observational study submitted for 
publication, as this is relatively rare. It is also quite brave for the authors to do so: unlike an RCT, 
the form that the analysis of an observational dataset takes is largely dictated by the data 
available, and a priori plans that seem good in theory frequently need a major overhaul in the light 
of the actual data. Publishing a plan in advance risks making oneself a hostage to fortune if one’s 
good ideas subsequently turn out to be not so feasible in practice. However, what we do not know 
in the present instance, is how much of this plan is genuinely a priori, and how much based on 
data exploration and analysis already undertaken, though from the precise sample sizes and 
details presented I suspect quite a bit. Nonetheless, publication is still very worthwhile since the 
paper provides a level of detail probably not possible in a paper presenting the actual findings of 
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the analysis, given the word-length restrictions of most publications. 
 
The authors present a mostly well-written and well-thought-out proposal that uses statistical 
methods of interrupted time-series and regression discontinuity analysis to evaluate the impact of 
changes in Hospital Trust policy around care for patients admitted for elective lower limb 
arthroplasty, on outcomes for those patients. The methods proposed are sound and it is good to 
see them being applied in this context. My comments below are largely concerned with improving 
the clarity around specifics of the analyses, issues around seasonal effects, and addressing 
autocorrelation. 
 
Table 1: Use of the terms “control cohort” and “intervention cohort” here is a little confusing, as 
the term “controls” is also used later under Addressing Threats to Validity, where it is applied to a 
sub-group of anaemic patients during the intervention period – i.e. a different control cohort. I 
would have preferred Table 1 to use terms such as “pre-intervention” and “post-intervention” to 
avoid confusion. 
 
If I understand Table 1 and Figure 1 correctly, there will be 3 ITS analyses, although the paper 
could be clearer about this in the text. Moreover, the majority of the intervention cohort for the 
first ITS (TXA started) will also be part of the control cohort for the second ITS (increased TXA) – 
since the date ranges overlap – and the intervention cohort for ITS 2 will be identical to the control 
group for ITS 3 (pre-op anaemia optimisation). If this is the case (or even if it is not) the authors 
need to clarify the situation here. Overlapping cohorts mean that the analyses will not be 
independent and may have implications for interpretation of the findings. 
 
For clarity I would like to have seen Figure 1 indicate the control cohort periods for each ITS, as 
well as the implementation and intervention periods. It took me some time work out how Table 1 
related to Figure 1 in terms of the time-periods involved. 
 
Outcomes will be analysed in the form of monthly means or proportions. One issue here, which is 
not mentioned in the paper, is that the sample size will vary considerably over time. For the first 
ITS (TXA started) the control period covers approx 50 months and the sample size is 1500, 
implying a mean sample size of 30 patients per month – very small when the outcome is a 
proportion; whereas the intervention period is about 20 months with a total sample of 3000, 
indicating 150 per month. Thus outcome means/proportions will be far more variable over the 
control period. I haven’t checked, but the same may apply to the other ITS analyses. Ideally data-
point variability should be taken into account in the analysis, and is something that the authors 
should at least mention and discuss the implications of, in the paper. 
 
Each ITS analysis will incorporate a 6-month implementation period between the pre and post 
periods, for which data will be dropped from the model. One concern here is the potential for an 
annual cycle in the data values. I cannot say if elective lower limb arthroplasty is subject to 
seasonal variation, but certainly hospital admissions for many other conditions are. The risk here 
is that 6 months can represent the time between the lowest and highest points in an annual cycle. 
Thus it is conceivable that at the end of the pre period, the cycle will be at it’s lowest point, but at 
the subsequent start of the post period, it will be at the top (or vice-versa). Particular care will need 
to be taken to evaluate whether any change in level or trend at this point can be explained by the 
presence of an annual cycle. The authors acknowledge the potential for seasonality in their 
discussion of autocorrelation (see below). However, I would like to see a specific sensitivity 
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analysis designed to assess robustness against the threat of an annual cycle, regardless of the 
outcome of any tests for autocorrelation, given the use of a 6-month lag. 
 
Tests for autocorrelation, using the Durbin-Watson, are planned, using a lag of up to 12 time-
points. However, these tests are likely to have very low power, given the numbers of data-points 
and the measurement error around the individual values (which at times will be very wide). To 
interpret a non-significant test as implying an absence of autocorrelation would be highly 
questionable. The data series will almost inevitably in reality possess autocorrelation, even if 
undetected by the DW, and in my view it would be better to conduct analysis under the 
assumption that autocorrelation is present. As I have suggested above, a sensitivity test against 
an annual cycle should be conducted regardless.
 
Is the rationale for, and objectives of, the study clearly described?
Yes

Is the study design appropriate for the research question?
Yes

Are sufficient details of the methods provided to allow replication by others?
Yes

Are the datasets clearly presented in a useable and accessible format?
Not applicable

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Statistics, Health research.

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.

Author Response 26 Mar 2021
Ashley Scrimshire, University of York, UK, York, UK 

Thank you for taking the time to provide considered and insightful feedback on our article. 
Your comments have been addressed in the revised manuscript. A summary of responses is 
given below. 
 
Comment: Table 1: Use of the terms “control cohort” and “intervention cohort” here is 
a little confusing, as the term “controls” is also used later under Addressing Threats to 
Validity, where it is applied to a sub-group of anaemic patients during the 
intervention period – i.e. a different control cohort. I would have preferred Table 1 to 
use terms such as “pre-intervention” and “post-intervention” to avoid confusion. 
 
Response: Agreed, this was unclear. Table 1 has now been updated and the terms “pre-
intervention” and “post-intervention” have replaced “control cohort” and “intervention 
cohort” to avoid confusion.  This table also now outlines previously published, pre-post 
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design cohort studies from this unit and does not outline the time periods for this 
analysis. A new Table 3 in the paper clearly outlines the time periods included in this 
analysis. 
 
Comment: If I understand Table 1 and Figure 1 correctly, there will be 3 ITS analyses, 
although the paper could be clearer about this in the text. Moreover, the majority of 
the intervention cohort for the first ITS (TXA started) will also be part of the control 
cohort for the second ITS (increased TXA) – since the date ranges overlap – and the 
intervention cohort for ITS 2 will be identical to the control group for ITS 3 (pre-op 
anaemia optimisation). If this is the case (or even if it is not) the authors need to 
clarify the situation here. Overlapping cohorts mean that the analyses will not be 
independent and may have implications for interpretation of the findings. 
 
Response: We agree that these figures and accompanying explanations could be clearer. 
The text has been updated to clarify that there will be two primary ITS analyses, plus 
secondary and sensitivity analyses. Figure 1 has been updated to clearly demarcate the pre- 
and post-intervention periods for each analysis. A new Table 3 also outlines the planned 
analyses and the time periods included in each. 
 
Comment: Outcomes will be analysed in the form of monthly means or proportions. 
One issue here, which is not mentioned in the paper, is that the sample size will vary 
considerably over time. For the first ITS (TXA started) the control period covers approx 
50 months and the sample size is 1500, implying a mean sample size of 30 patients per 
month – very small when the outcome is a proportion; whereas the intervention 
period is about 20 months with a total sample of 3000, indicating 150 per month. Thus 
outcome means/proportions will be far more variable over the control period. I 
haven’t checked, but the same may apply to the other ITS analyses. Ideally data-point 
variability should be taken into account in the analysis, and is something that the 
authors should at least mention and discuss the implications of, in the paper. 
 
Response: Thank you for your comment. Data-point variability is expected, although not to 
the degree in the reviewer comment. Hopefully this is clearer now the time periods that are 
included in this study have been clarified in response to previous comments. Data-point 
variability has now been discussed in the amended text. The primary analysis will include all 
THR/TKR procedures in the dataset. Here the expected counts per month are 100 or more, 
so proportions will be used. 
 
For the secondary analyses, the data will be split into anaemic and non-anaemic sub-
groups. Here, it is expected around 20-30% of patients per month will be anaemic, so the 
counts are expected to drop. In this instance analyses using proportions and counts will be 
undertaken. 
 
Comment: Each ITS analysis will incorporate a 6-month implementation period 
between the pre and post periods, for which data will be dropped from the model. One 
concern here is the potential for an annual cycle in the data values. I cannot say if 
elective lower limb arthroplasty is subject to seasonal variation, but certainly hospital 
admissions for many other conditions are. The risk here is that 6 months can 
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represent the time between the lowest and highest points in an annual cycle. Thus it 
is conceivable that at the end of the pre period, the cycle will be at it’s lowest point, 
but at the subsequent start of the post period, it will be at the top (or vice-versa). 
Particular care will need to be taken to evaluate whether any change in level or trend 
at this point can be explained by the presence of an annual cycle. The authors 
acknowledge the potential for seasonality in their discussion of autocorrelation (see 
below). However, I would like to see a specific sensitivity analysis designed to assess 
robustness against the threat of an annual cycle, regardless of the outcome of any 
tests for autocorrelation, given the use of a 6-month lag. 
Tests for autocorrelation, using the Durbin-Watson, are planned, using a lag of up to 
12 time-points. However, these tests are likely to have very low power, given the 
numbers of data-points and the measurement error around the individual values 
(which at times will be very wide). To interpret a non-significant test as implying an 
absence of autocorrelation would be highly questionable. The data series will almost 
inevitably in reality possess autocorrelation, even if undetected by the DW, and in my 
view it would be better to conduct analysis under the assumption that autocorrelation 
is present. As I have suggested above, a sensitivity test against an annual cycle should 
be conducted regardless. 
 
Response: Thank you for your advice on this. The paper has been amended and the 
analyses will assume autocorrelation is present and a sensitivity analysis assuming 
seasonality has also been incorporated.  
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