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THESIS ABSTRACT 

 

Method comparison studies consist of a unique study design aiming to examine 

agreement between two methods to measure a physiological or clinical parameter evaluated 

using continuous variables. Such physiological parameters are used by healthcare providers 

along with other clinical data to inform diagnoses and treatment decisions. When novel methods 

are proposed to measure a continuous physiological parameter, method comparison studies are 

needed to examine the agreement between this new method and an existing method that is used 

in standard clinical care. This standard method is generally considered as the gold standard 

measurement for a given physiological parameter. The issue of repeated measurements poses 

special challenges when conducting method comparison studies. Repeated measurements occur 

when a given individual included in a method comparison study has multiple measurements, 

which are inherently correlated with one another and are not independent (e.g., multiple glucose 

measurements carried out for the same patient throughout the day using a blood test, compared 

to a portable point-of-care device). The limits of agreement (LOA) method proposed by Bland & 

Altman has been adapted to adjust for the correlation between repeated measurements and is 

widely used for the analysis of method comparison studies that include repeated measurements. 

However, other statistical methods have been proposed as alternatives to LOA analysis to inform 

the analysis of method comparison studies with repeated measurements. There is a gap in the 

literature to inform this type of analysis, whereby no guidelines or synthesis of statistical methods 

that can be used as alternatives to the LOA method with repeated measurements have been 

published. Therefore, this thesis aimed to systematically review the existing literature to identify 

existing alternate statistical methods for the analysis of method comparison studies that include 

repeated measurements, using a scoping review framework. The findings of this scoping review 

were used to inform the analysis of the PREMISE (Point-of-care hemoglobin accuracy and 
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transfusion outcomes in non-cardiac surgery) study, a large prospective observational method 

comparison study that included repeated measurements. The aim of the PREMISE study was to 

examine the agreement between frequently used point-of-care devices to measure hemoglobin 

(POCT-Hgb) and laboratory-measured hemoglobin (lab-Hgb) in the operative setting. To further 

increase the understanding of the challenges associated with the analysis of method comparison 

studies that include repeated measurements, the analyses pertaining to agreement were 

performed in the context of this thesis. The findings of the PREMISE study fill an important gap in 

the literature pertaining to transfusion decision-making in the operative setting, where there is a 

paucity of evidence on the accuracy of POCT-Hgb devices, as well as from trials and transfusion 

guideline.
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CHAPTER 1. INTRODUCTION AND THESIS OVERVIEW 

 

1.1 BACKGROUND AND RATIONALE 

1.1.1. The challenges related to method comparison studies with repeated measurements  

In healthcare, clinicians typically require a variety of patient-specific health information to 

secure an appropriate diagnosis, determine an optimal treatment plan, and facilitate important 

clinical decision-making aimed at improving patient care. Part of this crucial health information 

consists of physiological and clinical parameters often measured in a continuous fashion, 

therefore providing measurements that can take a wide range of values. An example of such a 

physiological parameter is hemoglobin (Hgb), a protein present in blood, more specifically in red 

blood cells, which delivers oxygen to all cells and tissues in the human body.1 There are often 

several methods or devices for the measurement of specific physiological parameters, and new 

methods are constantly developed to improve efficiency. When faced with multiple existing 

methods to measure the same parameter, it is critical to define the method that is the most capable 

of providing accurate measurements in a given clinical setting. Indeed, clinicians must choose the 

method that is the most efficient in terms of timeliness, cost, and invasiveness without 

compromising the accuracy of measurements.2–5 This is particularly important in the clinical 

setting, where inaccurate measurements may lead to harm or inappropriate treatment 

decisions.6,7  

 To help address the above question of agreement, method comparison studies were 

designed to examine the extent of agreement between two methods measuring the same 

continuous parameter.8 Method comparison studies are typically used to determine whether a 

new proposed method can be used interchangeably with a currently validated method.8 The 

validated method used as a comparator is usually considered the reference method, or gold 

standard, thus providing the closest measurement to the underlying true value.3,6–8  
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 For several years, the methodological literature has emphasized the importance of 

including repeated measurements in method comparison studies to examine the repeatability of 

each method, which can have an effect on the agreement between two methods.8–10 Therefore, it 

is recommended to measure a physiological parameter multiple times within a research 

participant using each of the methods being compared simultaneously.8–10 This further increases 

comparability to the actual clinical setting where physiological parameters may be measured 

repeatedly.11 An example of a clinical setting in which multiple measurements may be required is 

the measurement of Hgb in the operative setting, where hemodynamic parameters can potentially 

change rapidly due to blood loss.12 In such case, repeated measurements of Hgb at critical time 

points may inform clinical decision-making in terms of the need for and timing of blood 

transfusions.13 The challenge associated with the inclusion of repeated measurements is that 

such measurements are correlated and cannot be considered as independent, referred to as the 

subject by method interaction, thus requiring complex statistical adjustments to avoid erroneous 

conclusions concerning the agreement between two methods.10,14 

 Although including repeated measurements in method comparison studies is considered 

as best practice, the analysis of such data is challenging. After stressing the importance of 

repeated measurements in such studies, Bland & Altman have proposed statistical methods to 

inform the analysis of method comparison studies that include repeated measurements, called 

the limits of agreement (LOA).8,10 In the analysis of method comparisons studies, the LOA method 

generates a range of differences between measurements from two methods being compared in 

which it can be expected that approximately 95% of differences will lie.8–10 In the absence of 

repeated measurements, this range is obtained quite simply by computing the mean bias of the 

differences (i.e., average difference between methods), from which 1.96 standard deviation of the 

differences between methods is added or subtracted, thus providing the upper and lower point 

estimates of the limits of agreement.8,9 To account for repeated measurements, the LOA may be 

adjusted, using a standard deviation that is adjusted for the correlation within subjects, and the 
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correlation between subjects.10 They propose two similar but distinct methods to the adjustment 

of the LOA, depending on the underlying true value of the parameter being measured.10 The first 

method is used when the true value varies, meaning that the repeated measurements obtained 

may have very different results, as the measured parameter has the potential to change rapidly.10 

The second method is used when the underlying true value is constant, meaning that the true 

value of the measured parameter should be similar for each repeated measurement taken over a 

specific period of observation.10  

 One limitation of the LOA method for repeated measurements is that the distribution of the 

data must follow certain statistical assumptions.3,10,15,16 Those assumptions include that the 

differences must be normally distributed, that the agreement between methods is similar across 

the range of measurements, and that the variance of the repeated measurements within subjects 

is similar over the range of measurements.10 When these assumptions are not met, other authors 

have suggested alternative statistical methods for the analysis of method comparison studies with 

repeated measurements.3,15,16  

The LOA method appears to be the standard approach for the analysis of method 

comparison studies as it is the statistical method that is most often used in the literature17. Since 

its original proposal, a plethora of other statistical methods have been proposed for the analysis 

of method comparison studies with repeated measurements. However, it is clear that not all such 

new methods are appropriate to analyze this type of data. For instance, correlation coefficients, 

mean agreement, and linear regression continue to be used to examine agreement, despite 

serious reservations having been expressed by Bland & Altman4,8,9,17,18. A tutorial to inform the 

analysis of method comparison studies with repeated measurements has been developed and 

presented five different statistical methods, including the LOA approach.19 However, to our 

knowledge, there has been no synthesis encompassing all described statistical methods and thus 

finding appropriate such methods may be challenging. This thesis therefore aimed to fill this 

important knowledge gap. 
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1.1.2 The PREMISE study 

 An example of a large prospective method comparison study that includes repeated 

measurements is the PREMISE (Point-of-care hemoglobin accuracy and transfusion outcomes 

in non-cardiac surgery) study. The PREMISE study aimed to examine the accuracy of commonly 

utilized point-of-care testing devices (POCT) measuring Hgb (POCT-Hgb) in the operating room. 

Briefly, when the measurement of Hgb concentrations was required during surgery, three POCT-

Hgb devices were simultaneously performed, along with a laboratory-determined Hgb (lab-Hgb) 

via analysis of a complete blood count (CBC). Multiple measurements of Hgb were obtained as 

required for standard clinical care over the course of a given operation. These were considered 

repeated measurements. To examine the accuracy of such devices, agreement between POCT-

Hgb measurements and the lab-Hgb measurement was examined using various statistical 

methods, adjusting for repeated measurements when possible. In the context of the PREMISE 

study, 1735 blood samples collected during surgery from a total of 1139 individual participants 

were analyzed to examine the accuracy of POCT-Hgb devices, when compared with a lab-Hgb 

measurement.  

The PREMISE study was designed to fill an important knowledge gap identified within the 

field of transfusion medicine in the operating room. Hgb measurements during surgery are an 

important parameter to inform red blood cell (RBC) transfusions in the operating room20,21, with 

current practice guidelines suggesting to limit RBC transfusions to those with Hgb measurements 

between 60 and 100 g/L.13,22 Despite the fact that a lab-Hgb measurement is considered as gold 

standard, POCT-Hgb devices are increasingly relied upon for the measurement of Hgb in the 

operating room as they are readily available for use intra-operatively, simple to use, and provide 

results within seconds. While POCT-Hgb devices have been validated in non-operative contexts, 

where Hgb values are usually static or within normal limits23–27, there is a paucity of evidence on 

the accuracy of such devices in the intra-operative setting, where Hgb values have the potential 
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to change drastically and rapidly.12,28 Moreover, the evidence base surrounding their use in the 

operating room is even more limited with Hgb measurements of 60-100 g/L, where the potential 

to transfuse is increased.28–30  

Accuracy of Hgb measurements in the operative setting is of high relevance and interest, 

as inaccurate Hgb measurements may lead to potential mistransfusion events in the operating 

room. While RBC transfusions can be life-saving intervention, they also carry important peri-

operative risks when they are not clinically indicated.31,32 Thus, results pertaining to the agreement 

of POCT-Hgb devices from the PREMISE have the potential to further inform future transfusion 

decision-making in the operative setting.  

  

1.2 THESIS OBJECTIVES 

The global thesis objective was to understand the statistical analysis of method 

comparison studies that include repeated measurements of clinical continuous data to inform the 

analysis of the PREMISE study. There were two main research aims that guided the overall 

conduct of this thesis, each with specific objectives geared towards achieving the global thesis 

objective.  

The first research aim was to identify existing analytical methods for repeated and 

correlated measurements of clinical data. This research aim had the objective of carrying out a 

systematic examination of the existing literature to identify methodological publications that 

present statistical methods that inform the analysis of method comparison studies that included 

repeated measurements, including the LOA method.  

The second research aim was to understand the processes involved in the analysis of 

large prospective method comparison studies that include repeated measurements, using the 

PREMISE study as an example. The specific objectives related to this research aim were to 

develop a complete and comprehensive statistical analysis plan (SAP), informed by the findings 

of the scoping review, to understand the benefits and challenges of the execution of a SAP to 
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inform the analysis of a study, and to carry out the analysis of the agreement component of 

PREMISE  

 

1.3 THESIS OVERVIEW 

 Two separate studies were conducted to achieve the global objective and the research 

aims associated with this thesis, as outlined above. In total, five manuscripts were generated in 

the context of this thesis, each representing a distinct chapter.  

The first study consisted of a scoping review, designed to accomplish the first research 

aim. The protocol for the scoping review is presented in Chapter 2 and it was registered on Open 

Science Framework (September 8, 2023).33 The manuscript presenting the scoping review is 

shown in Chapter 3. An abridged version of this manuscript will be published in a peer-reviewed 

journal, the length and format of of which will be adjusted to match the journal’s publishing 

guidelines.  

The second study was the PREMISE observational prospective method comparison study. 

The study protocol for the PREMISE study is presented in Chapter 4. It was accepted for 

publication in BMJ Open and is currently in press. The statistical analysis plan for the PREMISE 

study is presented in Chapter 5 and was submitted as an appendix to the PREMISE protocol 

during the submission process with BMJ Open. Finally, the manuscript presenting the main results 

of the PREMISE study, obtained for the statistical analyses performed in the context of this thesis, 

are presented in Chapter 6. This manuscript will be published in a peer-reviewed journal 

subsequently.  
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2.1 PREFACE TO CHAPTER 2 

 We started by designing and creating the protocol for the scoping review of proposed 

statistical methods for the analysis of method comparison studies with repeated measurements 

of clinical data. This protocol was created prior to initiating any study related procedures and was 

used to inform the conduct of the study. The search strategy was developed with the help of a 

research librarian, Sarah Visintini, who provided insight and expertise during the creation of the 

search strategy and adapting the search strategy to all sources of evidence. Her contribution has 

been acknowledged in both the study protocol and the manuscript presenting our findings, in 

Chapter 3. 
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2.2 ABSTRACT 

Introduction: Treatments in medicine are frequently guided by physiologic parameters. For these 

continuous data to be useful, clinicians must know whether these parameters are appropriate to 

inform decisions. Method comparison studies can help determine the level of agreement between 

a new continuous diagnostic tool and the current gold standard. The Bland & Altman limits of 

agreement (LOA) method is the most commonly recommended and used approach to analyze 

method comparisons for continuous measurements. Repeated measurements in method 

comparison studies pose special analytic challenges, and reflect what may happen in a clinical 

setting where tests can be repeated in a given patient. Several statistical methods exist in the 

literature for their analysis, but not all are methodologically appropriate for this type of data. The 

aim of this paper is to present a scoping review protocol, with the objective of synthesizing 

statistical methods for the analysis of method comparison studies with repeated and continuous 

measurements, and to compare them to the Bland & Altman LOA method adapted for repeated 

measurements. 

Methods: Potentially eligible articles will be identified from the literature using a peer-reviewed 

search strategy applied to the Medline, Embase, CINAHL, Web of Science, and ProQuest 

databases. The grey literature will be searched using publications in online forums, Google, as 

well as textbooks and book chapters identified using Google Books. Additional potentially eligible 

articles will be identified with forward citation chain searching of the Bland & Altman article 

proposing adjusted LOA methods accounting for repeated measurements. Finally, backward 

citation chain searching will be performed on articles that are included in the review. Abstract and 

full-text screening, as well as data extraction, will be done in duplicate by two independent 

reviewers. Any discrepancies during will be resolved by consensus. The primary outcome will be 

the results obtained by various statistical methods for the analysis of method comparison studies 

with repeated measures and how they compare to the LOA method using clinical or simulated 
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data. A qualitative appraisal of individual statistical methods identified and compared in eligible 

articles will be performed. 

Ethics and dissemination: Ethics approval to conduct this study is not required. Results will be 

disseminated in scientific journals.  

 

ABBREVIATIONS: JBI, Joanna Briggs Institute; LOA, limits of agreement; PRISMA-ScR, 

Preferred reporting items for systematic review and meta-analysis extension for scoping reviews. 
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2.3 INTRODUCTION 

Rationale 

When providing care for patients, clinicians gather clinical data that help secure a 

diagnosis, inform decision-making, and assist in providing appropriate care and treatment. 

Commonly, several available instruments can provide data on the same physiological parameters, 

but it is noteworthy that not all methods are equally accurate or precise. When faced with multiple 

or new diagnostic tools to generate health data, clinicians must choose the most efficient method 

in terms of time, cost, and invasiveness, without compromising the accuracy and precision of the 

results.1 It is particularly important that new diagnostic methods are sufficiently accurate to inform 

clinical decisions, as inaccurate measurements may lead to harm or inappropriate treatment 

decisions.2,3 In this protocol for a scoping review, the term “methods” refers to diagnostic tools, 

instruments, methods, raters, or observers used to produce any clinical or physiological 

parameters, that may be compared in the context of a method comparison study (e.g., two 

different instruments to measure blood hemoglobin concentration on a given blood sample). 

To determine whether a new method to generate clinical data can be used interchangeably 

with an existing validated method, method comparison studies can be conducted. They are 

designed to assess the agreement between two methods, usually by comparing a new technique 

with a “gold standard”.2–4 Typically, method comparison studies will refer to continuous data points 

such as hemoglobin or temperature4, whereas diagnostic accuracy study will refer to clinical tests 

used to determine the dichotomous presence or absence of a given diagnosis5 such as pulmonary 

embolism. The analysis of method comparison or diagnostic accuracy studies is  challenging, and 

employs unique statistical concepts depending on the type of underlying data.6,7 When assessing 

the agreement of continuous measurements, methods are determined to agree if they fall within 

a pre-specified range of differences between the two methods, that is considered close enough 

to avoid negatively affecting clinical decisions.4,7,8 Given the importance of determining the 
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accuracy of new instruments, the design and interpretation of method comparison studies is 

paramount to allow the proper assessment of such accuracy.  

In the clinical setting, one may need to collect repeated physiological parameters on 

individuals, specifically in cases where the value of the clinical data may vary widely within short 

periods of time or throughout the day (e.g., blood pressure or blood glucose). Repeated 

measurements of clinical data may very well be different from one another, but they are correlated 

and should not be considered as independent measurements in the analysis. It is thus important 

to account for repeated data in method comparison studies to replicate the clinical setting, as well 

as to robustly assess the repeatability and accuracy of the methods under study.9,10 

Bland & Altman proposed an approach to analyzing agreement between two diagnostic 

methods measuring continuous variables in 1983.9 They argued that statistical methods in use at 

the time incorrectly focused on correlation, regression analysis, or means comparison, thus not 

truly examining the question of agreement. They proposed the concept of limits of agreement 

(LOA), defined as the range within which 95% of differences in measurements between two 

methods should fall when measured in a given population, further emphasizing the need for 

repeated measures to assess the repeatability of the methods being compared.11 This method 

was further described in later publications to disseminate the LOA method to medical researchers, 

to discourage the use of incorrect statistical methods, as well as to demonstrate adjustment 

techniques for repeated measures.4,12,13 

To our knowledge, Bland & Altman were the first to propose a statistical approach to inform 

the analysis of repeated continuous measurements in terms of agreement, which has set a 

standard for such analysis.4,9 To this date, it appears that it is the method most often used in 

method comparison studies.14,15 However, additional statistical methods have been developed for 

method comparison studies with repeated measures, all of which have their own advantages and 

limitations.14 An example of other methods include the concordance correlation coefficient14, 

which is derived from correlation coefficients and adapted to assess the variation from the 45° 



 18 

line through the origin, therefore assessing the agreement between two methods by means of 

correlation.16 This method was further adapted to account for repeated measures17,18, providing 

an appropriate alternative to the Bland & Altman LOA method. Despite the availability of suitable 

statistical methods to inform the analysis of this type of data, several inappropriate methods that 

have been criticized by Bland & Altman remain in use today, such as the use of correlation 

coefficients, means comparison, and linear regression.9,15 

In addition to the above, the Bland & Altman LOA method has some underlying 

assumptions that may make it inappropriate for the analysis of repeated and continuous data in 

specific situations when the assumptions are violated.19 Therefore, it is important to have a clear 

understanding and overview of all available statistical methods for this type of analysis, to help 

choose the most appropriate method or a combination of methods that will fit a specific dataset 

created from method comparison studies. 

Despite the Bland & Altman LOA method being widely used and accepted by the scientific 

community, current recommendations and guidelines to inform the analysis of method comparison 

studies of continuous data that include repeated measures are limited. Parker et al have created 

a tutorial for practitioners on the use of five different statistical methods to analyze method 

comparison studies with repeated measurements.14 Furthermore, Bland & Altman have published 

many articles to discuss their LOA method, emphasizing the use of repeated measures in method 

comparison studies, while criticizing the use of correlation coefficient for the analysis of method 

comparison studies.4,11,13 To our knowledge, no systematic or scoping review has previously been 

conducted to present articles that quantitatively and qualitatively compare statistical methods with 

the LOA method adapted for repeated measurements using real-life clinical data. We believe that 

such a review will provide a comprehensive summary of currently available statistical methods 

and a critical comparison to the LOA method. More specifically, this scoping review aims to take 

a contemporary look at existing methods to inform the analysis of method comparison studies 
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that include repeated continuous measurements of clinical data and how they compare to the 

LOA method adapted for repeated data.  

 

Objectives 

The purpose of this paper is to present a protocol for a scoping review with the following 

objectives:  

1. To identify published methodological papers discussing statistical methods to inform the 

analysis of method comparison studies that include repeated measures of continuous 

clinical data that may be compared to the LOA method adapted for repeated 

measurements.  

2. To compare the quantitative findings of each statistical method with the LOA method 

adapted for repeated measures. 

3. To summarize the strengths and limitations of all statistical methods that are appropriate 

for such analysis.  
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2.4 METHODS  

This is a protocol for a scoping review of statistical methods to analyze method comparison 

studies with repeated continuous data that must be compared to the LOA method. A scoping 

review framework was chosen given the broadness of the question and that findings may include 

a variety of study designs. Its aim is to map and identify the available evidence in the field of 

statistical methods to analyze method comparison studies including repeated continuous data.20–

22 This scoping review was designed based on published best methodological practice.20,23–25 The 

Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement with 

extension for scoping reviews (PRISMA-ScR) will be followed for the reporting of results.24 

 

1. Identifying the research question 

This scoping review aims to answer the following question: how do alternative statistical 

methods for analyzing agreement in method comparison studies with repeated measures of 

clinical data perform both quantitatively and qualitatively compared to Bland & Altman’s LOA 

method adjusting for repeated measures?  

 

2. Identifying relevant studies 

Information sources 

We will systematically search scientific databases, including Medline, Embase, CINAHL, 

and Web of Science using a peer-reviewed search strategy. The ProQuest databases will be 

searched to identify Master’s and Doctoral theses that may be relevant for this review. Forward 

citation searching will be performed on Bland & Altman’s original article published in 2007, which 

focused on their LOA method adapted for repeated measurements.13 

Furthermore, we will search grey literature using Google, as well as books using Google 

Books, with small search strings that will cover all topics covered in our search strategy applied 

to scientific databases. For each search string, we will review the first five pages (50 citations) for 
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potentially eligible articles. If no potentially eligible article is identified in the first five pages, we 

will perform the next search string. If at least one article is identified in the first five pages, we will 

extend our search to the next page until no potentially eligible article is found in a single page. 

Only books that are accessible through Open Access or the author’s institutional library will be 

considered for inclusion. This selection criterion is necessary given the anticipated limited number 

of books that will meet inclusion criteria and the associated expenses incurred in procuring books 

for screening purposes. Grey literature will also be searched by means of publishing a question 

on an online forum meant for discussions concerning statistical analysis strategies.  

Once full-text screening is completed, we will perform backward citation searching of 

identified eligible articles to search for potentially eligible articles that were referenced by authors 

of articles included in our review.26 All databases and information sources will be searched from 

inception to November 2022, the point at which the search will be conducted.  

 

Search strategy 

We will develop a search strategy with the help of a research librarian specialized in 

systematic reviews of methodological studies. Our search strategy will be peer-reviewed following 

Peer Review of Electronic Search Strategies (PRESS) guidelines, by an independent medical 

librarian that is not involved in the conduct of this review.27 The search strategy will initially be 

developed in MEDLINE and translated to appropriately search all other identified databases.  

 

3. Study selection 

Inclusion criteria 

Eligibility criteria are defined following the PCC (Population, Concept, Context) 

framework23: 

• Population: To be eligible for this review, articles must have used clinical data collected on 

humans or simulated clinical data, to illustrate how the statistical methods perform to 
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analyze method comparison studies that include repeated and continuous measurements. 

Therefore, human populations of all types may be included in this review.  

• Concept: The concept of interest for this scoping review is the comparison of statistical 

methods to analyze method comparison studies with repeated continuous data by 

evaluating how alternate statistical methods compare in both a quantitative (e.g., statistical 

results with 95% confidence intervals) and a qualitative (e.g., authors’ textual conclusions 

or interpretations on whether the methods agree based on the statistical results) manner 

with the LOA method for repeated measures. Our primary outcomes are the quantitative 

findings from each study to demonstrate how the statistical methods compare with each 

other when being used on the chosen dataset. 

• Context: The statistical methods must be demonstrated using method comparison studies 

or diagnostic accuracy studies, with repeated measurements of clinical or simulated data. 

In the context of agreement or accuracy studies, there must be more than one instrument 

being compared, including at least one reference method and a gold standard. The LOA 

method must be one of the statistical methods being compared to help identify novel and 

modern analytical approaches of such data that may be compared with this method. The 

data used to perform the quantitative comparison of the chosen statistical methods must 

be repeated and continuous data collected on humans that may have been collected for 

the purpose of any type of study, such as observational or interventional, retrospective or 

prospective in nature. Data may have been collected in the context of previous clinical 

studies and used as a secondary purpose to illustrate the comparison of the statistical 

methods for such data. Alternatively, data may have been collected specifically for the 

purpose of comparing statistical methods informing this type of analysis without having 

been used in the context of a prior clinical study. Additionally, simulated datasets of clinical 

data will be considered for inclusion if they have simulated a correlation with a given 

variance between certain measurements, thereby simulating repeated measurements.  
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• Specifications on repeated measurements: Any publication mentioning statistical methods 

in the context of a dataset that contains repeated measurements are eligible, even if the 

statistical methods used do not account for repeated measurements (e.g., using the mean 

of the repeated measurements, or using only one value from the repeated 

measurements). Publications with a dataset that contains repeated measurements for one 

instrument only, but that compares all measurements for that instrument repeatedly with 

a gold standard or reference method that was performed only once may also be eligible 

(e.g., in a clinical parameter that does not vary with time).   

• There will be no restriction on language or date. Articles written in other languages than 

English or French will be translated using Google Translate and assessed for eligibility. 

 

Exclusion criteria  

We will exclude studies that use the statistical methods to analyze non-clinical data or 

data not specifically collected in humans. We will exclude studies that perform a theoretical 

comparison of statistical methods without using the methods on a dataset to demonstrate its 

applications as we want to see how the proposed statistical methods compare directly with the 

LOA method. 

 

Selection of sources of evidence 

Articles screened and identified from selected databases with our search strategy will be 

imported into an online citation manager, Covidence.28 Duplicate articles identified by our search 

strategy will be removed by the online citation manager.  

The first step of the selection process will be titles and abstracts screening. All titles and 

abstracts will be screened by two independent reviewers, except for citation searching which will 

be conducted by one reviewer only as this has the potential to yield a high number of titles and 

abstracts for screening. Conflicts will be resolved by further deliberation between the two initial 
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reviewers followed by consultation with a senior author, if necessary. The titles and abstracts 

deemed as potentially eligible by the reviewers will be included in full text screening. Full text 

screening will also be done in duplicate, including full texts identified by citation searching, in a 

similar fashion as the titles and abstracts screening. Full texts that are identified as eligible to be 

included in this review will proceed to data charting.  

 
4. Charting the data 

Data charting process 

A data charting form will be created using Microsoft Excel (Microsoft Corporation, 

Redmond, WA) specifically for this review and will include all data to be charted from each 

included study. The form will first be piloted using one eligible study. The data will be extracted 

from that study by two reviewers independently. The two reviewers will then meet to resolve any 

discrepancies between the two independent data extraction forms and will adapt the data charting 

form to avoid discrepancies when used for other included articles. Once the data charting form is 

piloted, it will be used by two reviewers for independent data charting of all included studies. 

Discrepancies in data extraction from the reviewers will be resolved through careful deliberation 

between the two reviewers. During the data charting process, if we believe important data is 

missing in order to provide a complete summary and analysis of included articles, study authors 

will be contacted as needed to inquire for further information or data. 

 

Data items 

Descriptive information about eligible articles will be charted, such as the title of the article, 

name of the authors, year of publication, journal of publication and any funding the authors may 

have received for their article or study.  

We will chart descriptive statistics on the study population used to demonstrate the 

statistical methods. Data charted will be the study design that was conducted to create the dataset 
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(e.g., observational, interventional, retrospective, prospective, etc.) and the reference to the 

original study for which the dataset was created, if different from the included article. Other 

descriptive statistics charted will include sample size in terms of the number of participants 

included in the study and the total number of comparisons being done (i.e., how many total 

measurements were done (i.e., sum of all repeated measurements). Additional descriptive 

statistics charted will include description of the study population when available (i.e., healthy 

individuals, population with a specific disease, sex, age, etc.), number of methods or instruments 

being evaluated for agreement, presence of a “gold standard” comparator, range of repeated 

measures (how many repeated measures were done for each participant), and amount of missing 

data for each method being compared. If needed, we will refer to the original studies for more 

information on the population being used in the included papers, if the dataset used was created 

for the purpose of a prior clinical study.  

Finally, we will chart the analysis results from each eligible article. To do so, we will start 

by listing the names of the statistical methods being compared for the analysis of method 

comparison studies that include repeated measures in each article. We will present the results 

obtained from each statistical method, for each pair of methods or instruments being compared 

for assessment of agreement if more than one instrument is being analyzed for agreement with a 

gold standard. Additionally, we will present how repeated measurements were handled for 

analysis (i.e., adjusting the statistical methods for the correlation between repeated 

measurements, choosing only one of the measures and ignored repeated measurements, taking 

the mean of the repeated measurements, etc.). Furthermore, we will compile all advantages and 

disadvantages of statistical methods being compared, as listed by the authors of the included 

studies, as well as the authors’ conclusions and rationales about their own preference in terms of 

statistical methods for such analysis if available, for comparison of interpretations between 

authors.  
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5. Collating, summarizing, and reporting the results 

Results of individual sources of evidence 

The primary outcome of our review will be the results of the measures of agreement and 

their 95% confidence intervals obtained from each statistical method being compared to assess 

agreement between two or more instruments, methods, observers, or raters, used to examine a 

clinical parameter in method comparison studies that include repeated and continuous measures. 

With this outcome, we aim to compare statistical methods in a quantitative manner to determine 

how each statistical method compares to the LOA method, considered as the gold standard 

statistical method for the analysis of such data. We will identify whether the authors performed a 

quantitative comparison of statistical methods in their paper and what method was used for this 

comparison. Results obtained by each statistical method will be compared quantitatively and 

qualitatively. For the quantitative comparison, the actual results, in terms of numbers, obtained by 

each statistical method using the same dataset will be compared. For the qualitative results, the 

conclusions from the authors on whether the methods being compared agree based on each 

statistical method will be reported and compared.  

Other secondary outcomes are the strengths and limitations of each statistical method 

being compared, as described by the authors of each eligible article, and if available, the author’s 

preference and rationale in terms of which statistical method to use in method comparison studies 

that include repeated continuous measurements. This will provide us with a comprehensive 

overview of the characteristics of all pertinent statistical methods for the analysis of method 

comparison studies with repeated measures that will help choose the appropriate statistical 

methods to analyse a specific dataset. We will also provide an overview of the concepts and 

important assumptions concerning the distribution of the data related to specific statistical tools 

to be used appropriately, when mentioned by the authors in eligible articles. This will provide us 

with a comprehensive list of assumptions that a dataset must meet when choosing a statistical 

analysis tool to analyse a method comparison study with repeated measures. The last two 
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secondary outcomes mentioned will help us provide recommendations on the circumstances in 

which statistical tools should be used when analyzing such studies. We will also report which 

method the authors believe was the most appropriate to determine whether the methods agreed 

or not within their chosen population.  

 
Synthesis of results 

To synthesize the quantitative results of included articles, we will present and plot the 

results obtained from each statistical method together from a given included article, when 

possible, but separately for each eligible article. If possible, methods reporting results as 

agreement limits with 95% confidence intervals (e.g. LOA) will be synthesized visually in forest 

plots and methods reporting correlation coefficients with 95% confidence intervals will be pooled 

together in a different forest plot (e.g. concordance correlation coefficient). As we are searching 

for statistical methods that will likely be used on different clinical datasets, it would be 

inappropriate to pool results.  

Moreover, descriptive statistics will be computed to report the overall percentage of papers 

that present each of the individual statistical methods (i.e., percentage of papers having presented 

the concordance correlation coefficient) and to compare the concordance rates between the 

various statistical methods featured in the included papers. To compare the concordance rates, a 

dichotomous variable will be generated to determine the agreement or disagreement of the 

conclusions derived from each statistical method with the conclusion of agreement between 

instruments obtained from the LOA analysis. Within each included paper, this dichotomous 

variable will be utilized to compute the rates at which alternative statistical methods align with the 

conclusions of agreement from the LOA analysis. Additionally, this variable will be pooled across 

all included studies for each individual statistical method to quantify the overall rate at which each 

statistical method concurs with the LOA’s conclusion of agreement.  
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Qualitative results will be presented in the form of tables for an overview of important 

findings, such as the statistical methods featured in each included paper, the strengths and 

limitations of each statistical method as reported by the authors, and the preference reported by 

the authors. We will determine whether a quantitative comparison was performed, and the 

statistical method used for comparison of the statistical methods. Furthermore, a critical appraisal 

to determine whether the method used to compare the statistical methods was appropriate will be 

performed. Finally, we will perform a qualitative overview and critical appraisal of all statistical 

methods included in the eligible articles by summarizing their concepts, their limitations, their 

assumptions, and how they compare to the LOA method. This will help inform the choice of 

statistical methods for future method comparison studies, and whether the quantitative 

comparison was appropriate. 

All quantitative and qualitative comparisons will be performed for each individual study 

separately, and a summary of results across studies will also be provided.  

 

Critical appraisal of individual sources of evidence 

Given the fact that this review does not aim to inform clinical decisions and will include a 

wide variety of potential study designs, risk of bias assessment and critical appraisal of individual 

studies are not planned.20,21 
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2.5 CONCLUSION 

To our knowledge, techniques to measure the agreement for repeated continuous 

measures have not been systematically synthesized. The statistical analysis of method 

comparison studies that include repeated measurements can be complex, and guidance is limited 

in selecting an optimal approach. The results from this review have the potential to address a 

common question faced by clinicians and researchers when evaluating new diagnostic and 

related instruments to support clinical decision making by helping to provide guidance in choosing 

the most appropriate statistical method to inform their analysis.  
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2.7 APPENDIX 1: SEARCH STRATEGY FOR THE MEDLINE DATABASE 

Database: Ovid MEDLINE(R) ALL <1946 to November 6, 2022> 

Search Strategy: 

1 (method adj3 comparison).ti,ab,kf. (9306) 

2 (agreement adj3 (method* or measur* or limit* or assess*)).ti,ab,kf. (34748) 

3 (diagnos* adj3 accura*).ti,ab,kf. (115373) 

4 1 or 2 or 3 (158138) 

5 Research Design/ (122334) 

6 method?.ti,kf. (546249) 

7 models, statistical/ or linear models/ (183010) 

8 (statistic* adj3 (test* or analy* or method*)).ti,ab,kf. (313922) 

9 5 or 6 or 7 or 8 (1113300) 

10 sn.fs. (1038382) 

11 9 or 10 (2077626) 

12 exp "reproducibility of results"/ (458571) 

13 ((repeat* or replicat* or correlat* or cluster* or multiple) adj3 measur*).ti,ab,kf. (128392) 

14 ((repeat* or replicat* or correlat* or cluster* or multiple) adj1 data*).ti,ab,kf. (16035) 

15 ((inter?rater or intra?rater or rater) adj3 reliab*).ti,ab,kf. (18341) 

16 12 or 13 or 14 or 15 (594281) 

17 (bland adj3 altman).ti,ab,kf. 19745 

18 (limit* adj2 agreement).ti,ab,kf. (11534) 

19 17 or 18 (25500) 

20 4 and 11 and 16 and 19 (1500) 

21 exp animals/ not humans.sh. 29 (5073636) 

22 20 not 21 (1440) 
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3.1 PREFACE TO CHAPTER 3 

 After having conceived a scoping review, we conducted this study following the protocol 

presented in the previous chapter. The manuscript presented here outlines all study procedures 

performed in the context of this review, along with the findings emerging from this scoping review. 

With this scoping review, we aimed to identify adequate statistical methods to inform the analysis 

of method comparison studies that include repeated measurements, with the goal of informing 

the analysis of the PREMISE study, presented in Chapters 4 to 6. The search strategy for the 

Medline database will be presented as an appendix to this manuscript when we will be submitting 

it for publication in a scientific journal. However, in the context of this thesis, it is presented in 

Chapter 2, with the scoping review protocol.   
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3.2 ABSTRACT 

Background: Method comparison studies are conducted to examine the level of agreement 

between two instruments measuring physiological continuous parameters. The inclusion of 

repeated measurements in such studies poses special challenges. The Bland & Altman limits of 

agreement (LOA) approach has been adapted to account for the correlation between repeated 

measurements and is widely used in method comparison studies. Alternate statistical methods 

are not always appropriate for the analysis of such data and there is a paucity of evidence and 

guidelines pertaining to statistical methods that inform the analysis of method comparison studies 

that include repeated measurements. 

Objective: This scoping review aimed to identify methodological publications that propose 

statistical methods to inform the analysis of method comparison studies that include repeated 

measurements of continuous clinical data and that may be compared with the LOA method.  

Methods: Six online databases were searched from inception to November 2022 using a peer-

reviewed search strategy. Searching of grey literature and books, as well as backward citation 

searching were performed to identify additional sources of evidence. Screening and data 

abstraction were done by two independent reviewers. Results were synthesized narratively. 

Results: Twenty-nine publications were included in this review. Thirty-two independent statistical 

methods were identified from the included publications, including variants of the LOA method. 

Four included publications compared findings from different versions of the LOA method. Four 

different approaches to handling repeated measurements in the context of method comparison 

studies were identified and were used to group findings from the included publications. Reported 

strengths and limitations of the LOA method were summarized.  

Conclusion: This scoping review provides a synthesis of existing statistical approaches to inform 

the analysis of method comparison studies with repeated measurements of clinical data, as well 

as how the various statistical methods perform when compared with various version of the LOA 

method. Based on the findings of this review, it is generally most advisable to consider using 
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adjusted LOAs or modified mixed-effect LOAs in analyzing method comparison studies with 

repeated measurements. 

 

  



 39 

3.3 INTRODUCTION 

 Clinicians are commonly provided with a multitude of instruments to estimate physiological 

parameters needed to achieve a diagnosis, inform decision-making, as well as determine 

appropriate care and treatment plans for patients. Usually, one instrument is considered as either 

the true value of a physiological parameter, or the best available estimate of an unknown true 

value, also known as the gold standard method1. When new instruments are proposed to measure 

continuous clinical data, method comparison studies are needed to examine agreement between 

the new method and the gold standard.1 In cases where a new method is demonstrated to achieve 

agreement with an old method, the two methods can be used interchangeably.1 This is particularly 

important in situations where the new method can lead to significant savings in terms of costs, 

time, efficiency, or risk for the patient. 

 Bland & Altman were pioneers in the analysis of method comparison studies when they 

proposed a novel statistical method for their analyses: the limits of agreement (LOA) method.1–4 

This was among the first methods to provide an estimate of the range within which the difference 

in measurements from two different instruments is expected to be, therefore quantifying the extent 

of disagreement between methods.1 The LOA method has since become widely accepted for the 

analysis of method comparison studies, and is the most commonly used method for the analysis 

of such studies.5  

Ever since the introduction of the LOA method, Bland & Altman have emphasized the 

importance of capturing several repeated measurements within individual participants of method 

comparison studies to examine the repeatability of the method under study.1–3 The inclusion of 

repeated measurements represents a special case of method comparison studies, whereby 

individual participants may have had multiple measurements (i.e., more than one measurement 

by each method) of the same physiological parameters over a specified period.1 In the presence 

of repeated measurements, the assumption that all measurements are independent – an 

assumption that is required for the generation of LOAs – no longer holds due to an interaction 
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between the subject and the methods. This interaction needs to be accounted for when examining 

agreement.1,2 While the LOA method has been well adapted for repeated measurements, other 

proposed statistical methods may or may not be appropriate for the analysis of method 

comparison studies that include repeated measurements. Several alternative methods have 

indeed been deemed inappropriate by Bland & Altman, such as correlation coefficients, means 

comparison and linear regression, and continue to be used for the analysis of such studies.1,5 

Although the Bland & Altman approach to the analysis of method comparison studies with 

repeated measurements is well known and established in the literature, the identification and 

understanding of alternate statistical methods that are appropriate for this study design is 

challenging. To our knowledge, there are no guidelines or contemporary texts to inform this type 

of analysis. Therefore, this scoping review was conducted to synthesize the existing evidence 

base to inform the analysis of method comparison studies with multiple measurements per 

individual. A scoping review framework was chosen given the broad nature of the question, an 

expectation that varied sources of evidence would be identified, as well as an objective to map 

and identify available evidence in this field of interest.6–8 

More specifically, this review sought to identify methodological papers discussing findings 

from various statistical methods to inform the analysis of method comparison studies with 

repeated measurements of continuous clinical data, that may be compared quantitively and 

qualitatively with the LOA method adjusted for repeated measurements.  
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3.4 METHODS 

 This scoping review is reported following the Preferred Reporting Items for Systematic 

Review and Meta-Analysis (PRISMA) extension for scoping reviews (PRISMA-ScR).9 A checklist 

can be found in Appendix 1.  

 

Protocol and registration 

 Prior to initiating the review process, a protocol was created following the PRISMA 

extension for protocols (PRISMA-P)10, as well as previously published best methodological 

practices for scoping reviews.6,8,9,11,12 The protocol can be accessed on Open Science Framework 

(https://osf.io/4p8ut). 

 

Eligibility criteria 

 Eligibility criteria were determined following the Population, Concept, Context (PCC) 

framework.11 This review aimed to identify methodological studies and reports proposing 

statistical methods to analyse method comparison studies with continuous clinical data that were 

repeated within participants. Results from an analysis using the LOA method proposed by Bland 

& Altman1–3 must have been available for comparison with the results from alternate statistical 

methods reported within an eligible publication.  Therefore, the authors may have presented LOA 

results, along with the results obtained from the proposed alternate statistical methods, or they 

may have used a dataset shared by Bland & Altman, whereby results from the LOA analysis were 

extracted directly from the articles published by Bland & Altman.  

The dataset used to demonstrate the statistical methods must have been obtained or 

generated in a human population, in the context of a method comparison study with continuous 

and repeated measurements. Alternatively, data may have been generated by simulation of 

plausible clinical data (e.g. randomly generated hemoglobin values within a plausible range in 

humans). The dataset may have been obtained in the context of a past clinical study (secondary 

https://osf.io/4p8ut
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use), obtained solely for the purpose of demonstrating the statistical methods (primary use), or 

from simulated human clinical data. Methods being examined in the context of a method 

comparison study may have been any type of diagnostic tool, device, rater, instrument, or 

observer being compared for validation of any given clinical or physiological parameter measured 

in a continuous fashion. The term “method” will be used exclusively in this paper to encompass 

all those concepts for simplicity. There were no limitations on the study design for the creation of 

the dataset underlying a given included study.  

Any publication reporting findings from statistical methods that used a dataset containing 

repeated measurements within individual participant was included in this review if it met all other 

inclusion criteria, regardless of how repeated data was used for statistical analysis. For instance, 

if only one measurement was used and repeated measurements were otherwise ignored for 

analysis, the article was still eligible for review given that this was considered a methodological 

choice that was made by the authors.  

Exclusion criteria consisted of datasets obtained in animals or non-clinical data, or 

datasets that lacked repeated measurements, as well as studies that did not report the 

quantitative results of statistical methods or of LOA analysis (i.e., theoretical comparison of 

statistical methods). There were no restrictions on language and date. Screened full-text citations 

in languages other than English or French were translated using Google Translate.  

 

Search strategy 

 A comprehensive search strategy was developed with a research librarian and peer 

reviewed following PRESS guidelines.13 The search strategy was initially developed on Ovid 

Medline and was then adapted to other databases. the Ovid Medline search strategy can be 

accessed in Appendix 2.  
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Information sources 

 The final search strategy was conducted in Ovid Medline, Ovid EMBASE, CINAHL 

(EBSCO), and Web of Science from inception to November 7th, 2022. The ProQuest databases 

were also searched using an adapted search strategy to identify Master’s and Doctoral theses, 

from inception to November 7th, 2022. Forward citation searching was performed using Scopus 

to identify potentially eligible articles that have cited the Bland & Altman 2007 article focusing on 

LOA methods adapted for repeated measures, from the date of publication to November 25th, 

2022.2  

The grey literature and books were systematically searched using Google and Google 

Books, respectively. This was done using multiple small strings of key words, adapted from our 

main search strategy. For each string, the first five search pages, each with 10 article or webpage 

titles were screened for potential inclusion. If a title appeared to meet inclusion criteria, the full 

text was reviewed. If no eligible citation was identified within the first five pages, the next string of 

key words was used for screening. If at least one of the articles in the first five pages was identified 

as eligible, the sixth page was then screened and so forth, until no potentially eligible articles were 

found within a page. The grey literature was also further examined by searching and posting on 

Stack Exchange - Cross Validated (https://stats.stackexchange.com, published November 29, 

2022), an open online forum for discussion concerning statistics.  

Once all the above screening strategies were conducted, backward citation searching was 

conducted to identify other potentially eligible articles within the references of included sources of 

evidence.  

 

Selection of sources of evidence 

 Identified eligible articles were imported in Covidence (Covidence, Melbourne, Australia), 

an online citation manager. Duplicate articles were removed.  

https://stats.stackexchange.com/
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Studies identified in database searches (Figure 1) were screened in duplicate by two 

independent reviewers (KB, TL) using titles and abstracts. Relevant citations were then sent to 

full-text review, which was performed by two independent reviewers (KB, TL). A similar screening 

process was employed for citations and reports identified from other methods, but these were 

screened at each step by one reviewer (KB or TL). In all cases conflicts were resolved by 

consensus, overseen by the senior authors (GM, DF).  

 

Data collection process 

 A data collection form was created for this review using Microsoft Excel (Microsoft 

Corporation, Redmond, WA) to include all data items specified in the protocol. It was decided a 

priori to have data collection done independently by two reviewers, as defined in the protocol. 

However, after having piloted the data collection form with the first included study, a post-hoc 

decision was made to conduct the entire data collection collaboratively between two reviewers 

(KB, TL), given the complexity of the data items to be charted. It was reasoned that this 

modification would increase efficiency and accuracy, by discussing the various items and any 

arising conflicts while data charting.  

 

Data items 

 The following characteristics were collected from each included publication: author names, 

country of origin of the corresponding author, journal, funding, and type of publication (scientific 

article, book chapters, etc.).  

 Information about the dataset used to conduct analyses and generate quantitative findings 

was also charted. This included information on the context in which the dataset was created 

(primary use, secondary use, or simulation), and the population under study (eligibility criteria for 

inclusion in the dataset, mean age, and sex distribution). Further information was charted to 

examine the distribution of data. Specifically, the sample size, the range of repeated 



 45 

measurements per participant, and the total sample of pairwise comparisons (e.g., 20 participants 

with two measurements each for all methods being compared, yielding a total sample size of 40 

pairwise method comparisons). Moreover, information about the repeated data was also charted, 

such as whether the repeated measurements were balanced (equal number of repeated 

measurements for each individual participant) or unbalanced, and whether the dataset included 

participants with a single comparison and participants with repeated comparisons. The final items 

pertaining to the dataset were the primary outcome measured by the methods being compared, 

the type of methods (e.g., devices, observers, questionnaires, etc.), and the name of the methods 

being compared, identifying both the gold standard and the index tests being examined for 

accuracy. Information on the degree of missing of data was also charted. Data were charted 

directly from included publications, and no assumptions were made to complete the above data 

items. 

 Furthermore, data concerning the findings of each statistical method being compared were 

charted. This included their names/descriptions and the quantitative findings from each method. 

When reported, 95% confidence intervals were charted to accompany point estimates generated 

from the statistical methods. The conclusions regarding the agreement of physiological tests 

under study, based on each statistical method, and the criteria used to determine agreement were 

extracted. Because the included papers were methodological and did not aim to inform clinical 

practice, but rather aimed to demonstrate the use of statistical methods, conclusions about 

agreement or agreement criteria were sometimes not reported. Therefore, when either the 

conclusion about agreement between methods or the agreement criteria used were not clearly 

reported in the publication, conclusions were extrapolated from the available data. For example, 

if agreement criteria were reported, it was possible to assume that the methods agreed based on 

those criteria, whereas if the conclusions about agreement between methods were reported, it 

was sometimes possible to make an assumption about the criteria used to determine agreement. 

To the extent possible, all reported data was used to make assumptions on the conclusions from 
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each statistical method regarding agreement given that it was an important outcome of this review 

to be able to compare the statistical methods.  

 Finally, information concerning the adjustment for correlation between repeated 

measurements was extracted. This included the type of data used to perform the analysis (i.e., 

only one measurement used, means of repeated measurements used, or all measurements 

used), as well as whether the results were adjusted for possible correlation between repeated 

measurements, and the method used for adjustment (e.g., adjusting the variance using an intra-

rater variance). These data items were not always reported in publications included in this review, 

and thus had to be extrapolated in some cases using the available information (e.g., equations 

provided, figures and tables related to the dataset used, etc.). Strengths and limitations 

associated with each statistical method, as reported by the authors, were charted.  

 

Synthesis of results 

 The characteristics of included articles and their underlying datasets were summarized 

qualitatively. Quantitative comparison between the findings of various statistical methods and their 

associated point estimates and 95% confidence intervals were also summarized. A list of all 

reported statistical methods was generated, with their associated incidence. Furthermore, the 

frequency with which the conclusions about inter-rater agreement from each statistical analysis 

matched with those from the LOA analysis was computed. Quantitative meta-analysis was not 

possible, owing to the variety of outcomes measured in the studies that generated the publication 

datasets, as well as the variety of statistical methods. To report the findings of each statistical 

method and examine their performance in comparison with the LOA method, included publications 

were grouped based on the way repeated measures were handled and how results were adjusted 

to account for correlation between repeated measurements. The methods for handling repeated 

measurements used by each publication were synthesized narratively. Finally, an overview of the 

strengths and limitations of the LOA method was produced.  
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Critical appraisal of individual sources of evidence 

 As planned, risk of bias assessment and critical appraisal of individual sources of evidence 

was not done, as this review does not aim to inform clinical decision-making and the included 

sources of evidence vary greatly in terms of study design and reporting format.6,7 
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3.5 RESULTS 

Selection of sources of evidence 

 The search strategy identified 5591 citations from major databases, in addition to 2882 

from grey literature. After de-duplication and screening, the final review included 29 full-text 

articles meeting all inclusion criteria (Figure 1).  

 

Characteristics of sources of evidence 

 Publication characteristics and the specifications of the underlying datasets used to 

demonstrate findings of the proposed statistical methods are presented in Table 1.   

Two types of datasets underpinned the included studies. These were clinical datasets 

(generated in the context of a prior clinical study) (n=19), and generated dataset (produced from 

a sample of individuals for the explicit purpose of testing the statistical analytic methods) (n=8). 

Notably, Bland & Altman generated a dataset of peak expiratory flow rate from colleagues and 

family. The authors provided their complete dataset in their publications, which was subsequently 

used by others to demonstrate novel approaches to the statistical analysis of such data.14–23 

Finally, other datasets (n=3) consisted of simulated human data, with repeated measurements 

added by means of a correlation factor between measurements.24–26 

The number of participants in the included studies ranged from 6 to 1035. Given the 

multiplicity of measurements per participants, the number of pairwise comparisons in each study 

range from 10 to 1035. Observations in the context of a method comparison studies are usually 

the pairwise comparisons between two methods being compared, whereby if 10 participants have 

two measurements each, from two different methods, the total sample size consists of 10 

individual participants, and 20 observations (pairwise comparison between two methods) included 

in the statistical analysis. The total number of comparisons per participant ranged from 1 to 60000. 

The type of methods that were compared in the context of the underlying method 

comparison studies were most often devices (n=24). Other authors compared questionnaires 
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(n=4), most commonly in the context of nutritional intake examination.24,25,27,28 Others compared 

observers measuring the same clinical or physiological parameters to define the agreement 

between health professionals (e.g., measurements on radiographs), in which case there were 

usually no gold standards (n=5).29–32 

 

Results of individual sources of evidence 

Comparative quantitative findings from all statistical methods presented in each included 

publication are summarized in Table 2. The agreement between methods being compared is 

presented, as well as the criteria used to adjudicate agreement. In some publications, a large 

array of findings from statistical analyses was presented. In those cases, a subset of findings is 

reported in this review to show the agreement conclusions that were obtained in comparison with 

LOA analysis. Among all included studies, 10 produced divergent conclusions about agreement 

based on the statistical methods that were used (Table 3). It is noteworthy that in the presence of 

divergent conclusions about agreement between LOA analysis and alternate statistical methods, 

the LOA analysis concluded that the underlying methods disagreed in all but one study33, whereas 

alternate statistical methods yielded agreement.3,14,17,19,27,28,30,34,35 

 

Synthesis of results  

Statistical methods presented as alternatives to the LOA method 

Three versions of the LOA method are described in the context of this scoping review. 1) 

The standard (Bland & Altman) LOA method refers to using the variance of the differences 

between methods, which can be used in the absence of repeated measurements or when only 

one measurement pair is used.3 It may also be used in cases when the mean of the repeated 

measurements is used for the LOA analysis, thus yielding only one pairwise comparison.1,2 2) The 

adjusted LOA method refers to the Bland & Altman adjustment of the variance of the differences 

between methods to account for the correlated nature of the repeated measurements.1,2 Papers 
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included in this review have also referred to this approach as using fixed effect principles.35–37 3) 

Modified LOA methods refer to alternate versions of the LOA method using random effects or 

mixed effects models to account for repeated measurements.35–37 

Most publications included in this review have used only one version of the above LOA 

methods, whereas four publications compared findings obtained from multiple versions of the LOA 

method (Table 3).1,35–37 Eighteen publications reported findings using the standard LOA 

method.1,3,14,17–19,24,27,29–35,37–39 Three among those have also presented adjusted LOA findings for 

comparison1,35,37, and three have not reported any LOA findings but instead used a dataset 

provided by Bland & Altman where the results of the LOA findings could be extracted.14,18,19 Of 

note, one publication used the three available datasets provided by Bland & Altman to 

demonstrate their statistical method using three different examples.19 For this publication, results 

from the LOA analysis were extracted from the publications by Bland & Altman. In this case, the 

results obtained from each version of the LOA method were not compared with each other as 

they were all used on different datasets, with one dataset using the standard version of the LOA, 

and the two other datasets using the adjusted version of the LOA method.  

Twelve publications reported findings using the adjusted LOA method.1,15,16,19–23,25,35–37 Of 

note, six of the 12 studies did not report LOA findings within their publication, but these were 

extracted from the Bland & Altman publications as the authors had used datasets provided by 

Bland & Altman.15,19-23 Three publications presented new variations of the LOA method (modified 

LOA), using random effects models to adjust for the correlated nature of the repeated 

measurements.35–37 Three publications did not report on the method used to generate LOA 

findings, nor could it be deduced from the full-text.26,28,40 

 

Adjustments for correlation with repeated measurements 

Several techniques for handling repeated measurements in method comparison studies 

have been proposed in included publications (Table 4). Overall, 17 publications have presented 
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statistical methods to adjust for the correlation between repeated measurements, while five have 

used the means of repeated measurements in at least one statistical method under study. Three 

publications used all measurements within their datasets but considered them all as independent 

and did not adjust for correlation. Twelve publications used only one measurement and excluded 

the repeated measurements from analysis. Two of those did not report an LOA analysis, but used 

a dataset provided by Bland & Altman. Therefore, results were not extracted from the publications, 

but rather from the publication by Bland & Altman.14,18 One publication did not report how the 

repeated measurements were used for any of the statistical analyses.28 

The included publications were separated into five different groups (Table 4). These were 

based on the methods used to adjust for repeated measurements, given that the findings of 

statistical analyses may vary based on this adjustment due to the within-subject variability of 

repeated measurements.1,2,35 This effect was demonstrated in the first group of publications, that 

that presented their findings based on different methods to compute LOAs.1,35–37 Three of the four 

publications included results from a standard LOA analysis that considered all data as 

independent measures, and all three reported wider limits when using the adjusted LOA 

methods.1,35,37 The authors of three of the four publications from this group proposed novel or 

modified approaches to the LOA method, using a random effects model, reporting narrower limits 

of agreement with those, when compared with “fixed effect” adjusted LOAs.35–37 Reported 

advantages of using a random effects model to generate LOA estimates included allowing for 

adjustment based on other exploratory covariates37, better generalizability to a wider population 

from which the sample population was identified36, and an easier way to identify outliers.36  

The second group of publications consisted of those that adjusted for the correlated nature 

of repeated measurements for all statistical methods presented, either by adjusting the variance 

used to generate estimates, or by using random or mixed effects models.15,16,19–23,25 All eight 

publications proposed vastly different statistical methods for the analysis of method comparison 

studies with repeated measurements. Findings that resulted from each of the statistical methods 
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are reported in Table 2. For six of the eight publications, LOA findings were extracted from the 

Bland & Altman publications, given that the authors of those publications used datasets provided 

by Bland & Altman and did not report LOA findings.15,19–23 

The third group of publications included those that presented an adjusted statistical 

approach for the analysis of method comparison studies with repeated measurements, but where 

LOA findings did not appear to be adjusted (standard LOA).14,18,26,33,38,40 Of note, two did not 

directly report LOA findings and were extracted elsewhere14,18, while two did not report whether 

LOA findings were adjusted and this could not be deduced from the full-text.26,40 

The fourth group of publications included those that generated means of repeated 

measurements, providing only one average measurement per participant, per method being 

compared.24,27,29,31 Two of those publications utilized this approach in the context of daily nutrient 

intake measurements.24,27 

The final group of publications consisted of those that used a dataset containing repeated 

measurements, but did not adjust the statistical analyses for repeated measurements.3,17,30,32,34,39 

In many of those papers, repeated measurements were used to examine intra-rater reliability 

(agreement within measurements) and the repeated measurements were excluded from the 

analysis of inter-rater reliability, using only one of the measurements per individual.3,30,32 Others 

did not intend to propose statistical methods to adjust for repeated measurements, but 

nevertheless used a dataset with repeated measurements. In those cases, only one 

measurement was chosen, and the repeated measures were excluded from the analysis17,39, or 

the repeated measurements were all included in the analyses independently without considering 

their correlation.30,34 

 

Reported strengths and limitations of the LOA method 

Reported qualitative findings pertaining to the overall strengths and limitations associated 

with the LOA method, all versions combined, are presented in Table 5. The most commonly 
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reported strengths (n=9/29) were its simplicity, as well as ease of use and 

interpretation.1,3,14,19,22,24,26,31,35 Others have reported that LOA findings provide useful information 

on the bias and the magnitude of differences between methods being compared27,28,32, and that it 

provides a visual comparison between methods.32,38 One group also suggested that the results 

are based on the original unit of measurement, which allows for direct comparison with a clinically-

acceptable difference between the two methods being compared.35 

The most commonly reported limitation (n=7/29) was the parametric nature of this 

statistical method, as it relies on assumptions about the normality of differences between the 

methods being compared, as well as homoscedasticity.1,25,26,34–36,38 Others have suggested that 

limits of agreement are subjective, are based on clinical judgement, and are not based on 

statistical factors.14,27–29 Moreover, others have indicated that LOA results do not provide 

information about which method is most accurate14,22,35, which can be a limitation specifically in 

cases where the gold standard provides worst estimates than the newer method being examined 

for agreement.14 Finally, it has been reported that there is uncertainty in the point estimates of the 

LOAs, which can lead to biased interpretations of agreement if confidence limits are not presented 

alongside LOA point estimates.24,35 In fact, Batterham et al. have reported that when looking at 

the point estimates of their LOA analysis only, they would be interpreted as agreement between 

the two methods based on the acceptable clinical difference. However, the interpretation of the 

95% confidence intervals suggests that the limits could potentially fall outside of the clinically 

acceptable difference with resampling.24 
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3.6 DISCUSSION 

 This scoping review has identified and presented multiple approaches to inform the 

analysis of method comparison studies that include repeated measurements of continuous clinical 

data. Among 29 methodological publications included in this work, five different approaches to 

handle repeated data were identified, including a variety of statistical methods that were directly 

compared and reviewed for their strengths and limitations.  

Three main variants of the LOA method were identified, including the standard unadjusted 

Bland & Altman LOA method1,3, the Bland & Altman LOA method adjusted for repeated 

measurements (fixed effect)1,2, and novel approaches to the LOA method using mixed or random 

effects to allow for adjustment of other covariates and better generalizability to a bigger population 

of interest.35–37 Several authors compared the findings from each LOA method on the same 

dataset and emphasized the importance of adjusting the variance when computing LOAs, 

considering the within-subject variability of repeated measurements and thus yielding wider LOA 

estimates.1,35–37 The importance of the assumptions of normality and homoscedasticity when 

using LOAs has been singled out as a major limitation of LOAs in several papers. Bland & Altman 

indeed recommend various data visualization techniques to verify that data distributions respect 

those conditions.1,2 Other authors have proposed alternative statistical methods when those 

conditions are not met, such as Bayesian statistics20, bias and precision plots23,26, a probability of 

agreement approach21, and log-transformation of data.31   

A total of 32 individual statistical methods were presented and identified from the included 

publications, of which six generate agreement intervals that use the same unit of measurement 

as the outcome being measured. This can facilitate interpretation and comparison to the clinically 

acceptable difference.35 However, these methods come with limitations, such as the need for 

clinically acceptable agreement to be defined a priori, leading to subjectivity in the interpretation 

of results given the lack of statistical factors to inform the findings in terms of agreement.34,35 The 

other statistical methods generate findings that do not have a unit of measurement, such as 
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coefficients, probabilities of agreement, and percentages of agreement, which may lead to greater 

difficulty in interpretation.35 While Bland & Altman have consistently recommended against the 

use of correlation coefficients and comparison of means1,3, this review found that these methods 

are often proposed for the analysis of method comparison studies, as shown in Table 3. Some 

have promoted the use of correlation coefficients as an appropriate method to examine reliability29 

or to detect bias30, whereas others do not recommend the use of this approach given the fact that 

it measures association rather than agreement3,27,28, and does not provide sufficient information 

to examine the level of agreement between methods.27,28,32 

When planning the statistical analysis of a method comparison study with repeated 

measurements, it is critical to examine the dataset and type of repeated measurements to choose 

appropriate statistical approaches. This review has grouped included publications into five 

different categories to help readers identify those that may be of value based on planned approach 

to handling repeated measurements (Table 4). The four publications included in the first group, in 

which different versions of the LOA method are compared, provide important data to inform the 

analysis of a method comparison study with repeated measurements. The publications included 

in the second and third groups may assist in choosing alternate statistical methods that adjust for 

the correlation between repeated measurements and the data included in table 2 provides 

information on the performance of these methods when compared with the LOA approach. 

However, prudence is recommenced when comparing the results obtained from each statistical 

method in the third group, as the LOA findings were not adjusted for repeated measurements.  

The fourth and fifth groups of publications presented in table 4 are alternative approaches 

that have been suggested for the analysis of method comparison studies. In the fourth group of 

publications, means of the repeated measurements were used. These cannot be recommended 

for general use, except perhaps in cases where this approach represents standard clinical 

practice, as in the case of daily food intake records.40,41 However, it is important to note that this 

approach is at risk of omitting important information about the distribution of the differences 
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between methods.22 Finally, the fifth group has ignored repeated measurements by excluding 

them from analysis. Given the wide range of more robust statistical methods available to adjust 

for repeated measurements in the context of a method comparison study, the exclusion of 

repeated measurements from analysis is not recommended. It is noteworthy that the exclusion of 

repeated data was not specifically recommended by the authors of the included publications, as 

some were presenting statistical methods for the analysis of method comparison studies with 

single measurements but used a dataset that contained repeated measurements.  

There are no other systematic reviews of methodological publications aiming at identifying 

and comparing statistical methods to inform the analysis of method comparison studies with 

repeated measurements. A systematic review conducted by Zaki and colleagues examined 210 

method comparison studies and reported that the Bland & Altman LOA method is the statistical 

method that is most often used in the context of method comparison studies (85%), with the 

inappropriate use of correlation coefficients remaining in use by many authors (27%).5 Zaki and 

colleagues synthesized statistical methods that were used to analyse method comparison studies 

in the published literature, in contrast to the current review where methodological publications 

were examined for statistical methods specifically pertaining to repeated measurements.  

 There are limitations to the current scoping review. The LOA approach proposed by Bland 

& Altman to inform the analysis of method comparison studies with repeated measurements was 

used as an anchor for search, whereby only publications referring to “limits of agreement” or 

“Bland-Altman” within their abstracts were considered for inclusion. This limit was specifically set 

to allow for the comparison of findings between the LOA method and other statistical methods. It 

is possible that this approach may have prevented the identification of other statistical methods 

that would have been appropriate for the analysis of method comparison studies with repeated 

measurements. This scenario could have arisen where authors would have presented such 

methods without comparing them with the LOA method, or without using a dataset provided by 

Bland & Altman. Furthermore, multiple versions of the LOA method exist in the literature, and the 
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method adapted for repeated measurements was not always used in included publications, thus 

limiting the quantitative comparisons of findings between different statistical methods. Moreover, 

the specific LOA method used to report findings was not always reported in the included 

publications. Finally, since non-clinical methodological publications were specifically sought for, 

the aim of those papers was usually not to comment on the agreement between the methods in 

the context of the dataset used to examine the statistical methods. There are thus limitations 

pertaining to the conclusions about agreement between methods, as reported in table 3. 
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3.7 CONCLUSION 

 This scoping review provides a synthesis of existing statistical approaches to inform the 

analysis of method comparison studies with repeated measurements of clinical data, as well as 

how the various statistical methods perform when compared with various version of the LOA 

method. Based on the findings of this review, it is generally most advisable to consider using 

adjusted LOAs or modified mixed-effect LOAs in analyzing method comparison studies with 

repeated measurements. 
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3.9 TABLES  

Table 1. Study and dataset characteristics. 

 
Study 
author(s), 
year, 
Country, 
publication 
type 

Type of 
dataset 
useda 

Sample size 
(participants/ 
comparisons)c 

Measurements 
per rater, per 
participant / 
total number of 
comparisons 

Outcome(s) 
measured 
(units) 

Number and 
type of ratersd 

Reference 
standard (RS) 
 

Index test(s) (IT) 

Alanen14, 
2012, 
Finland, 
Scientific 
article 

Secondary 
use of a 
generated 
dataset3 

17 / 34 2 / 34 Peak 
expiratory flow 
rate (PEFR) 
(L/min) 

2 devices Wright peak flow 
meter 

Mini Wright peak flow 
meter 

Ambrosini et 
al.27, 2001, 
Australia, 
Scientific 
article 

Original 
and 
generated 
dataset 

76 / 76 2 IT, 4 RS / 152 Dietary beta-
carotene (mg) 
/ 
Dietary retinol 
(mcg) 

2 
questionnaires 

Mean of four 1-
week diet 
records 

Two Food Frequency 
Questionnaires (FFQ) 

Anvari et 
al.29, 2017, 
USA, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset42 

35 / 35 2 / 70 Thyroid nodule 
tissue stiffness 
(kPa) 

2 observers Not applicable 
(NA) 

NA 

Armstrong et 
al.30, 2006, 
USA, 
Scientific 
article  

Secondary 
use of a 
clinical 
datasetb 

6 / 24 
 
 

4 / 24 
 
 

Urethrovesical 
junction 
position and 
mobility, using 
a rectangular 

2 observers 
(R1, R2) 
 

NA 
 

NA 

24 / 24 4 / 96 2 observers 
(R1, R3) 

NA NA 



 67 

coordinate 
method (mm) 

Batterham et 
al.24, 2016, 
Australia, 
Scientific 
article 

Original 
and 
simulated 
dataset 

80 / 80 1 IT, 3 RS / 240 Mean Iodine 
intake (mcg) 

2 
questionnaires 

Mean of three 
24-hour dietary 
recall 

FFQ 

Bland & 
Altman, 
19991, UK, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset43 

85 / 255 3 / 255 Systolic blood 
pressure 
(SBP) (mmHg) 

2 devices Sphygmomanom
eter (by observer 
“J”) 

Machine “S” 

Bland & 
Altman, 
19863, UK, 
Scientific 
article 

Original 
and 
generated 
dataset 

17 / 17 2 / 34 PEFR (L/min) 2 devices Wright peak flow 
meter 

Mini Wright peak flow 
meter 

Cecconi et 
al.33, 2009, 
Italy, 
Scientific 
article 

Not 
reported 
(NR) 

20 / 20 1 RS, 4 IT / 80 Cardiac output 
(L/min) 

2 devices Thermodilution Intermittent 
thermodilution 

Choudhary15,  
2008, USA, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset1,44 

12 / 60 3-6 / 60 Left ventricular 
ejection 
fraction (LVEF) 
(%) 

2 devices Radionuclide 
ventriculography 

Impedance 
cardiography 

Choudhary 
and 
Nagaraja40, 
2017, USA, 

Secondary 
use of a 
clinical 
datasetb 

61 / 177 1-3 / 177 Blood oxygen 
saturation (%) 

2 devices Co-oxymetry Pulse oxymetry 
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Book 
chapter 
Euser et al31, 
2008, 
Netherlands,  
Scientific 
article 

Secondary 
use of a 
clinical 
dataset45 

4 / 4 2 / 8 Biceps skinfold 
thickness 
(mm) 

13 observers NA NA 

Francq and 
Govaerts16, 
2015, 
Belgium, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset1,43 

85 / 255 3 / 255 SBP (mmHg) 2 devices Sphygmomanom
eter (by observer 
“J”) 

Machine “S” 

Haghayegh 
et al.25, 
2020, USA, 
Scientific 
article 

Original 
and 
simulated 
dataset 

80 / 80 3 RS, 1 IT / 240 Mean intake of 
Iodine (mcg) 

2 
questionnaires 

Mean of three 
24-hour dietary 
recall 

FFQ 

Kim and 
Lee17, 2022, 
USA, 
Scientific 
article 

Secondary 
use of a 
generated 
dataset3 

17 / 17 2 / 34 PEFR (L/min) 2 devices Wright peak flow 
meter 

Mini Wright peak flow 
meter 

Lai and 
Shiao38, 
2005, USA, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset46 

2 / 625 NR / 625 Foetal 
haemoglobin 
percentage 
levels (%) 

2 devices Percent fractional 
oxyhemoglobin 
(HbO2) 

Percent functional 
oxyhemoglobin (SO2) 

Lombard et 
al.28, 2015, 
South Africa, 

Original 
and 

47 / 47 4 RS, 1 IT / 188 Energy intake 
(kJ) 
 

2 
questionnaires 

Mean of four 24-
hour dietary 
recall 

FFQ 
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Scientific 
article 

generated 
dataset 

Lorne et 
al.34, 2018, 
France, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset47 

24 /199 NR / 199 Cardiac output 
(L/min) 

6 devices Pulmonary artery 
thermodilution 

5 arterial pulse 
contour techniques 
(Wesseling 
method,LiDCO, 
PiCCO, Hemac 
method, Modelflow) 

Myles and 
Cui37, 2007, 
Australia, 
Editorial 

Secondary 
use of a 
clinical 
dataset48 

20 / 144 7-8 / 144 Oxygen 
consumption 
(mL/min) 

2 devices Inspired gas 
analysis (GVO2) 

Reverse Fick method 
(FVO2) 

Parker et 
al.35, 2020, 
Canada, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset36,49 

21 / 385 15-19 / 385 Respiratory 
rate (breaths/ 
minute) 

2 devices Standard 
respiratory rate 
monitor (Oxycon 
mobile) 

Chest-band 

Parker et 
al.36, 2016, 
Scotland, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset49 

21 / 385 9-19 / 385 Respiratory 
rate (breaths/ 
minute) 

6 devices Standard 
respiratory rate 
monitor (Oxycon 
mobile) 

Five commercially 
available respiratory 
rate monitors: 
Camera, 
photoplethysmography
, Impedance, 
Accelerometer, Chest-
band 

Quiroz and 
Burdick18, 
2009, USA, 
Scientific 
article 

Secondary 
use of a 
generated 
dataset3 

17 / 34 2 / 34 PEFR (L/min) 2 devices Wright peak flow 
meter 

Mini Wright peak flow 
meter 
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Rankin and 
Stokes32, 
1998, UK, 
Scientific 
article 

Original 
and 
generated 
dataset 

10 / 10 4 GR, 1 MS / 40 Cross-section 
area of 
anterior tibial 
muscle group 
(cm2) 

2 observers 
(GR, MS) 

NA NA 

Roy19, 2009, 
USA, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset1,43 

85 / 255 3 / 255 SBP (mmHg) 2 devices sphygmomanom
eter (by observer 
“J”) 

Machine “S” 

Secondary 
use of a 
generated 
dataset3 

17 / 34 2 / 34 PEFR (L/min) 2 devices Wright peak flow 
meter 

Mini Wright peak flow 
meter 

Secondary 
use of a 
clinical 
dataset1,44 

12 / 60 3-6 / 60 LVEF (%) 2 devices Radionuclide 
ventriculography 

Impedance 
cardiography 

Saugel et 
al.39, 2018, 
Germany, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset50 

1035 / 1035 1-60,000 / NR Arterial systolic 
blood pressure 

2 devices arterial catheter oscillometry 

Mean arterial 
blood pressure 

2 devices arterial catheter oscillometry 

Schluter20, 
2009, 
Australia, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset1,43 

85 / 255 3 / 255 SBP (mmHg) 2 devices sphygmomanom
eter (by observer 
“J”) 

Machine “S” 

Stevens et 
al.21, 2018, 
USA, 

Secondary 
use of a 
clinical 
dataset1,43 

85 / 255 3 / 255 SBP (mmHg) 2 devices sphygmomanom
eter (by observer 
“J”) 

Machine “S” 
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Scientific 
article 
Stevens et 
al.22, 2017, 
Canada, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset1,43 

85 / 255 3 / 255 SBP (mmHg) 2 devices sphygmomanom
eter (by observer 
“J”) 

Machine “S” 

Taffé26, 
2021, 
Switzerland, 
Scientific 
article 

Original 
and 
simulated 
dataset 

100 / NR 10-20 / NR “Simulating 
data from a 
uniform 
distribution 
having values 
between 20 
and 40.” 

2 simulated 
devices 

Simulated device 
“Y1” 

Simulated device “Y2” 

Taffé23, 
2020, 
Switzerland, 
Scientific 
article 

Secondary 
use of a 
clinical 
dataset1,43 

85 / 255 3 / 255 SBP (mmHg) 2 devices sphygmomanom
eter (by observer 
“J”) 

Machine “S” 

Abbreviations: FFQ, Food Frequency Questionnaires; IT, Index tests; LVEF, Left ventricular ejection fraction; NA, Not applicable; NR, Not reported; PEFR, Peak 
expiratory flow rate; RS, Reference standard; SBP, Systolic blood pressure. 
aDatasets may be original, meaning that it was created for the purpose of the presented paper, or the authors could have used an existing dataset for secondary 
use. The dataset may be clinical, generated, or simulated. A clinical dataset was created for clinical research (i.e., method comparison study in a given population) 
and is now used in the context of the presented article. A generated dataset was collected within a random set of individuals for the purpose of demonstrating 
statistical methods as opposed to aiming to examine rater accuracy. A simulated dataset was not captured in humans, but generated via simulation as though they 
were clinical measurements done on humans.  
bReference to original dataset not reported.  
cSample size represents the total number of participants and observations used for analysis, which may not be equal to the total number of comparisons, 
depending on how they handle the repeated measurements. 
dThis includes the raters that were used for analysis. More raters may have been measured in the dataset, but not analyzed within the presented study.  
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Table 2. Quantitative results extracted from each included source of evidence. 

 
Study 
author(s) 

Statistical methods 
used 

Quantitative resultsb Conclusion about 
agreement 

Agreement criteria used 

Alanen Standard Limits of 
agreement (LOA)3  

LOAL: -79.7 (95%CI -114.3, 45.1)  
LOAU: 75.5 (95%CI 40.9, 110.1)3  

No agreement Limits within ±10 L/min3 

Structural equations 
(SEM) approach 

Fit of the final model: c2 = 7.50 
Degrees of freedom (df) = 11 

Agreement Acceptance of the null 
hypothesis 

Ambrosini 
et al. 

Standard LOA b-carotene: LOAL: 50%, LOAU: 447% No agreement 100% represents ideal 
agreement Retinol: LOAL: 11%, LOAU: 349% No agreement 

Pearson correlation 
coefficient (PCC) 

b-carotene: 0.36 (95%CI: 0.14 -0.54) Agreement 95% CI not including the 
value “0” is statistically 
significant 

Retinol: 0.51 (95%CI: 0.32 - 0.66) Agreement 

Mean agreement b-carotene: 149% (95%CI: 132-170) No agreement 95% CI not including the 
value “100%” is statistically 
significant, 100% 
represents ideal agreement 

Retinol: 63% (95%CI: 52-77) No agreement 

Anvari et 
al. 

Standard LOA LOAL: -9.9, LOAU: 11 Agreement NR 
Intraclass correlation 
coefficient (ICC) 

Single measurement:  
0.872 (95% CI: 0.763–0.933),  

Agreement ICC > 0.70 

Average measurements:  
0.932 (95% CI: 0.865-0.965) 

Agreement 

Armstrong 
et al.a 

Standard LOA R1/R2:  
Kegel Dx: -9, 8, Kegel Dy: -6, 14 

No agreement on 
both axes 

Limits within ±2 mm 

R1/R3:  
Kegel Dx: -5, 5, Kegel Dy: -4, 5 

No agreement on 
both axes 

PCC R1/R2:  
Kegel Dx: 0.87, Kegel Dy: 0.70 

Agreement for Dx, 
no agreement for 
Dy 

NR (Assumed PCC>0.7) 
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R1/R3: Kegel Dx: 0.96, Kegel Dy: 0.93 Agreement on both 
axes 

T-test R1/R2:  
Kegel Dx: P value not significant (NS) 
Kegel Dy: P<0.001 

Agreement for Dx, 
no agreement for 
Dy 

P value < 0.05 

R1/R3: Kegel Dx: P value NS 
Kegel Dy: P value NS 

Agreement on both 
axes 

Batterham 
et al. 

Standard LOA LOAL: -88.38 (95%CI -122.24, -54.52) 
LOAU: 83.82 (95%CI 49.96, 117.96) 

Agreement based 
on point estimates 
only. No 
agreement based 
on 95%CI 

NR (assumed limits within 
90 to 100 mcg) 

Two one-sided t-test 
(TOST) 

Equivalence margin (SEM) of 5 mcg: 
t upper: 0.55 (p=0.291) 
t lower: -1.48 (p=0.071) 

No agreement Both TOST P-values < 
0.05 with 79 degrees of 
freedom, with a 90% CI of 
the mean difference within 
-10.49 to 5.89 used for 
equivalence testing 

SEM of 10 mcg: 
t upper: 1.57 (p=0.060) 
t lower: -2.50 (p=0.007) 

No agreement 

SEM of 15 mcg: 
t upper: 2.69 (p=0.006) 
t lower: -3.52 (p=0.000) 

Agreement 

SEM of 10%: 
t upper: 2.06 (p=0.021) 
t lower: -2.99 (p=0.002) 

Agreement 

Paired t-test t -0.465 (p=0.643) NR (assumed no 
agreement) 

Assumed based on P-
value 

Bland & 
Altman, 
1999 

Standard LOA LOAL: -54.7 (95%CI -61.9, -47.5)  
LOAU: 22.1 (95%CI 14.9, 29.3) 

No agreement Limits within ±10 mmHg 

Adjusted LOA  LOAL: -56.68 (95%CI -63.5, -49.9) 
LOAU: 25.44 (95%CI 18.7, 32.2) 

No agreement 
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Non-parametric 
approach 

Grade D (16% within 5 mmHg, 35% 
within 10 mmHg, 49% within 15 
mmHg - fails to achieve Grade C) 

No agreement To achieve grade C: at 
least 40% measurements 
£5 mmHg, 65% £10 
mmHg, 85% £15 mmHg 

Bland & 
Altman, 
1986 

Standard LOA LOAL: 79.7 (95%CI -114.3, -45.1) 
LOAU: 75.5 (95%CI 40.9, 110.1) 

No agreement Limits within ±10 L/min 

Correlation coefficient r = 0.94 (p<0.001) “Measurements 
are linearly related” 

Test of significance 
(P<0.05) 

Cecconi et 
al. 

Standard LOA LOAL: -2.7, LOAU: 2.3 Agreement NR 

Coefficient of error (CE) CE = 4% 
CV = 15% 
PE = 30% 

No agreement, 
based on CE and 
CV alone, 
agreement based 
on PE 

PE within ±30% 

Choudhary, 
2008 

Adjusted LOA1 LOAL: -1.3521, LOAU: 2.77051 NR1 NR1 

Tolerance interval Ux=2.33 Poor agreement NR 
Choudhary 
and 
Nagaraja, 
2017 

LOA (version not 
reported) 

LOAL: -9.6, LOAU: 14.6 NR NR 

Concordance correlation 
coefficient (CCC) 

0.85 (lower one-sided 95% 
confidence bound: 0.80) 

Weak agreement NR 

Total deviation index 
(TDI) (0.90) 

10.91 (upper one-sided 95% 
confidence bound: 12.14) 

Weak agreement NR 

Euser et al. Standard LOA Log-transformed measurements: 
LOAL: -0.392, LOAU: 0.392 
Ratio of 2 measurements: 
LOAL: 0.400, LOAU: 2.499 
Difference between 2 measurements 
as a function of the mean X: 
LOAL: -0.85X, LOAU: 0.85X 

NR NR 
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Coefficient of variation 
(CV) 

Inter-observer CV=12.5% 
Inter-observer CV of log-transformed 
data= 33.1% 

No agreement, 
based on log-
transformed data 

NR 

Francq and 
Govaerts 

Adjusted LOA Agreement interval (AI): 
LOAL: -25.440, LOAU: 56.679 
XL-AI: LOAL: -29.871, LOAU: 61.110 

No agreement Limits within ±10 mmHg 

Correlated-errors-in-
variables model (CEIV) 

𝛽 tolerance interval: -6.030, 37.269 
𝛽𝛾 tolerance interval: -6.757, 37.996 

No agreement 

Haghayegh 
et al. 

Adjusted LOA Simulation 1: 
LOAL: -1127.14 (95%CI -1462.45, -
791.84) 
LOAU: 55.36 (95%CI -279.95, 390.67) 
Simulation 2: 
LOAL: -2.869 (95%CI -5.652, -0.086) 
LOAU: 7.629 (4.846, 10.412) 

NR “when MDC (minimal 
detectable change) < MCIC 
(minimal clinically 
important change) and bias 
≈ 0” 

ICC Simulation 1: 
ICCAbsolute: 0.855 (95%CI 0.60, 0.95)  
ICCConsistency: 0.99 (95%CI 0.997, 
1.000) 
Simulation 2: 
ICCabsolute: 0.977 
ICCconsistency: 0.990  

NR 95%CI of ICC: 
<0.5=poor reliability 
0.5-0.75=moderate 
reliability 
0.75-0.90=good reliability 
>90=excellent reliability 

Kim and 
Lee 

Standard LOA LOAL: -84.30, LOAU: 80.06 No agreement NR 
CCC 0.943 Agreement CCC>0.75 
PCC 0.943 NR NR 
Bias correction factor 0.999 NR NR 

Lai and 
Shiao 

Standard LOA LOAL: -2.48, LOAU: 4.54 No agreement NR – visual inspection of 
the Bland & Altman plot 

Linear mixed model Fixed effect parameter intercept: 
2.5056 (p=0.0054) 

No agreement P-value<0.05 associated 
with the estimated 
parameters 
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Estimated parameter of the coefficient 
of fetal hemoglobin percent: -0.0263 
(p<0.0001) 
Random effect first-order 
autocorrelation parameter: r=0.6978 
(p<0.0001) 

Lombard et 
al. 

LOA (version not 
reported) 

LOAL: -13406, LOAU: 10694 
(p<0.0001) 

“Biased 
agreement” 

p<0.05=no agreement 

Spearman Correlation r=0.26 (p<0.0001) Acceptable 
agreement based 
on r value, biased 
agreement based 
on p value 

Good: ≥ 0.50; Acceptable: 
0.20 – 0.49; Poor < 0.20 

Wilcoxon Signed Rank 
test 

P>0.05 Good agreement Good: p > 0.05; Poor: ≤ 
0.05 

Percentage difference 
(%) 

-9.8% Good agreement Good: 0.0 – 10.9%; 
Acceptable: 11.0 – 20.0%; 
Poor: > 20.0% 

Cross classification (% 
in same tertile) 

46.8% Poor agreement Good: ≥ 50%; Poor: < 50% 

Cross classification (% 
in opposite tertile) 

19.2% Poor agreement Good: ≤ 10%, Poor: > 10% 

Weighted kappa statistic 0.2 Acceptable 
agreement 

Good: ≥ 0.61; Acceptable: 
0.20 – 0.59; Poor: < 0.20 

Lorne et al. Standard LOA47 Wesseling: LOAL: -0.80, LOAU: 1.26 No agreement Limits within ±0.5 
LiDCO: LOAL: -1.55, LOAU: 1.20 No agreement 
PiCCO: LOAL: -1.60, LOAU: 1.89 No agreement 
Hemac: LOAL: -0.81, LOAU: 1.89 No agreement 
Modelflow: LOAL: -0.74, LOAU: 0.74 No agreement 

Interchangeability rate Wesseling: Inclusion rate 76% No agreement ≥95% = excellent  
≥ 90% = good  LiDCO: Inclusion rate 73% No agreement 
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PiCCO: Inclusion rate 62% No agreement 75-90% = poor 
<75% = not clinically 
relevant 

Hemac: Inclusion rate 86% No agreement 
Modelflow: Inclusion rate 93%,  
Interchangeability cut-off 4.80 

Agreement 

Myles and 
Cui 

Standard LOA LOAL: -128, LOAU: 88 NR NR 
Adjusted LOA LOAL: -154, LOAU: 95 Unacceptable 

agreement 
NR 

Modified (random 
effects) LOA 

LOAL: -116, LOAU: 57 NR NR 

Parker et 
al., 2020 

Standard LOA -6.40 to 3.19 No agreement Limits within ±5 
Adjusted LOA -9.99 to 6.78 No agreement 
Modified (mixed effect) 
LOA 

-11.57 to 8.38 No agreement 

Modified (mixed effect) 
LOA, with interactions 

-11.86 to 9.30 No agreement 

CCC 0.68 (95% CI 0.60 to 0.72) “Slight” agreement 95%CI does not include 
the value of zero or 
negative values 

TDI 10.9 (95% CI 9.4 to 12.7) No agreement Clinically acceptable 
difference of ±5 

Coverage probability 
(CP) 

0.63 (95% CI 0.56 to 0.70) No agreement ≥95% 

Coefficient of individual 
agreement (CIA) 

0.68 (95% CI 0.57 to 0.75) No agreement ≥80% 

PCC 0.74 (95%CI 0.69, 0.78) NR NR 
Unadjusted CCC 0.72 (95%CI 0.67, 0.76) NR NR 

Parker et 
al., 2016a 

Adjusted LOA Camera (rate/ second):  
LOAL: -13.35, LOAU: 6.72 

No agreement Limits within ±10 

Accelerometer: LOAL: -8.74, LOAU: 
4.38 

Agreement 

Camera (rate/ second): No agreement 
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Modified (mixed effect) 
LOA 

LOAL: -12.71 (95%CI -14.84, -11.42) 
LOAU: 6.30 (95%CI 5.00, 8.39) 
Accelerometer: 
LOAL: -8.63 (-9.45, -7.96)  
LOAU: 4.27 (95%CI 3.62, 5.21) 

Agreement 

Modified (mixed effect) 
LOA, after removing 
outliers 

Camera (rate/ second): 
LOAL: -11.54 (95%CI -13.20, -10.40) 
LOAU: 5.24 (95%CI 4.10, 6.80) 

No agreement 

Accelerometer: 
LOAL: -7.91 (95%CI -8.75, -7.20) 
LOAU: 3.63 (95%CI 3.01, 4.64) 

Agreement 

Quiroz and 
Burdick 

Standard LOA3 LOAL: -79.7 (95%CI -114.3, -45.1) 
LOAU: 75.5 (95%CI 40.9, 110.1) 

No agreement3 Limits within ±10 L/min3 

90% Generalized 
confidence intervals 
(GCI) 

GCIL: -79.14 , GCIU: 85.34 No agreement At least 90% of the 
absolute difference is less 
than 10 

Rankin and 
Stokes 

Standard LOA LOAL: -2.73, LOAU: 1.53 “Reasonable” 
Agreement 

Limits within ±1.5 

ICC 0.92 (95% CI 0.72 to 0.98) Agreement NR  
Roy Standard LOA PEFR data3: 

LOAL: 79.7 (95%CI -114.3, -45.1) 
LOAU: 75.5 (95%CI 40.9, 110.1) 

No agreement3 Limits within ±10 L/min3 

Adjusted LOA SBP data1: 
LOAL: -56.68 (95%CI -63.5, -49.9) 
LOAU: 25.44 (95%CI 18.7, 32.2) 

No agreement1 Limits within ±10 mmHg1 

LVEF data1: LOAL: -1.3521, LOAU: 
2.7705 

NR1 NR1 

Linear mixed effect 
model (LME), based on 
Bonferroni adjusted p-
values for variabilities 

SBP data: Bias: p<0.0001 
Between-subject: p=1.0 
Within-subject: p<0.0001 

No agreement p-values≥0.05 

PEFR data: Bias: p=1.0 Agreement 
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Between-subject: p=1.0  
Within-subject: p=0.8199 
LVEF data: Bias: p=0.0612 
Between-subject: p=1.0  
Within-subject: p=1.0 

Agreement 

Saugel et 
al. 

Standard LOA Systolic arterial pressure:  
LOAL: -43.9, LOAU: 56 

No agreement Bias ±5 mmHg and SD ±8 
mmHg 

Mean arterial pressure: 
LOAL: -17.1, LOAU: 73.6 

No agreement 

Error grid analysis Systolic arterial pressure: 
risk levels A-E: 78%, 14%, 6%, 1%, 
and 1% 

NR NR 

Mean arterial pressure: 
risk levels A-E: 18%, 54%, 20%, 7%, 
and 8% 

NR NR 

Schluter Adjusted LOA1 LOAL: -56.68 (95%CI -63.5, -49.9) 
LOAU: 25.44 (95%CI 18.7, 32.2) 

No agreement1 Limits within ±10 mmHg1 

Exchangeable 
multivariate hierarchical 
Bayesian model (HB1) 

LOAL: -56.2, LOAU: 25.1 No agreement NR 

Non-exchangeable 
multivariate hierarchical 
Bayesian model (HB2) 

LOAL: -55.9, LOAU: 25.0 No agreement NR 

Stevens et 
al., 2018 

Adjusted LOA1 LOAL: -56.68 (95%CI -63.5, -49.9) 
LOAU: 25.44 (95%CI 18.7, 32.2)1 

No agreement1 Limits within ±10 mmHg1 

Probability of agreement 
approach, using a 
clinically acceptable 
difference ±10 
(heteroscedastic) 

Probability of agreement never 
exceeds 0.3 

No agreement q>0.95 
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Stevens et 
al., 2017 

Adjusted LOA1 LOAL: -56.68 (95%CI -63.5, -49.9) 
LOAU: 25.44 (95%CI 18.7, 32.2)1 

No agreement1 Clinically acceptable 
difference ±10 mmHg1 

Probability of agreement 
approach, using a 
clinically acceptable 
difference ±10 
(homoscedastic) 

Unconditional probability of 
agreement (q) 0.799 (95%CI 0.61, 
0.98) 

No agreement q>0.95 

Taffé, 2021 LOA (version not 
reported) 

LOAL: -19.6, LOAU: 15.3 NR NR 

Bias, agreement, and 
precision plots 

Assessment of agreement is done by 
visual inspection of a series of plots.  

NR Assessment of confidence 
bands in precision plot.  

Taffé, 2020 Adjusted LOA1 LOAL: -56.68 (95%CI -63.5, -49.9) 
LOAU: 25.44 (95%CI 18.7, 32.2)1 

No agreement1 Limits within ±10 mmHg1 

Bias, agreement, and 
precision plots 

Assessment of agreement is done by 
visual inspection of a series of plots. 
 

No agreement Visual inspection of the 
precision plot (confidence 
bands do not overlap) 

Abbreviations: CCC, Concordance correlation coefficient; CE, Coefficient of error; CI, Confidence intervals; CV, Coefficient of variation; df, 
Degrees of freedom; GCI, Generalized confidence intervals; ICC, Intraclass correlation coefficient; LOA, Limits of agreement; LVEF, Left 
ventricular ejection fraction; NR, Not reported; PCC, Pearson correlation coefficient; PE, Percentage error; PEFR, Peak expiratory flow rate; SBP, 
Systolic blood pressure; TDI, Total deviation index; TOST, Two one-sided t-test. 
aNot all results from this paper are presented if many had similar conclusions. Results presented were chosen to show variety in agreement 
conclusions.  
bWhen a reference is provided with LOA results, LOA results were extracted from a different source.   
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Table 3. Overview of all statistical methods presented in the included publications. 

Statistical methods Number of publications presenting the statistical 
methods 

Limits of agreement methods  
Unadjusted LOA  18 
LOA adjusted for repeated measures (“fixed effect”)  12 
Mixed/random effect LOA 3 
Not reported 3 

Agreement ranges  
Total deviation index (TDI)35,40 2 
Tolerance interval15 1 
Correlated-errors-in-variables model (CEIV)16  1 
90% Generalized confidence intervals (GCI)18  1 
Exchangeable multivariate hierarchical Bayesian model (HB1)20  1 
non-exchangeable multivariate hierarchical Bayesian model (HB2)20  1 

Correlation coefficients, probabilities, percentages  
Pearson correlation coefficient (PCC) 3,17,27,30,35 5 
Intraclass correlation coefficient (ICC) 25,29,32 3 
Concordance correlation coefficient (CCC)35,40  2 
Unadjusted CCC17,35 2 
T-test24,30 2 
Spearman Correlation28 1 
Bias correction factor17 1 
Weighted kappa statistic28 1 
Structural equations (SEM) approach14 1 
Two one-sided t-test (TOST)24  1 
Linear mixed model38 1 
Linear mixed effect model (LME), with Bonferroni adjusted p-
values19 1 

Wilcoxon Signed Rank test28 1 
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Coverage probability (CP)35  1 
Coefficient of individual agreement (CIA)35  1 
Probability of agreement approach, heteroscedastic distribution21 1 
Probability of agreement approach, homoscedastic distribution22 1 
Mean agreement27 1 
Non-parametric approach1 1 
Coefficient of error (CE)33  1 
Coefficient of variation (CV)31  1 
Percentage difference (%)28 1 
Cross classification28 1 
Interchangeability rate34 1 
Error grid analysis (EGA)39  1 

Other methods  
Bias, agreement, and precision plots23,26  2 

Abbreviations: CCC, Concordance correlation coefficient; LOA, Limits of agreement. 
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Table 4. Overview of proposed methods for handling repeated measurements. 

 
Study 
authors 

Using one 
measurement only, 

excluding the repeated 
measures from the 

analyses 

Considering all data as 
independent, ignoring 

correlated nature of the 
repeated measures 

Using the means of 
the repeated 

measurements 

Adjusting for 
correlation between 

repeated 
measurements  

Not 
reported 

1. Comparison between various versions of the LOA 
Bland & 
Altman, 1999a 

Standard LOA   Adjusted LOA  

Myles and 
Cuia 

Standard LOA   Adjusted LOA, 
Modified LOA 

 

Parker et al., 
2020a 

Standard LOA   Adjusted LOA, 
Modified LOA 

 

Parker et al., 
2016 

   Adjusted LOA, 
Modified LOA 

 

2. Alternate statistical methods adjusted for repeated measurements versus adjusted LOA 
Choudhary, 
2008b 

   Adjusted LOA, 
Alternate statistical 

methods 

 

Francq and 
Govaerts 

   Adjusted LOA, 
Alternate statistical 

methods  

 

Haghayegh et 
al. 

   Adjusted LOA, 
Alternate statistical 

methods  

 

Royb 

 
Standard LOA   Adjusted LOA, 

Alternate statistical 
methods 
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Schluterb 

 
   Adjusted LOA, 

Alternate statistical 
methods  

 

Stevens et al., 
2018b 

   Adjusted LOA, 
Alternate statistical 

methods  

 

Stevens et al., 
2017b 

   Adjusted LOA, 
Alternate statistical 

methods  

 

Taffé, 2020b 

 
   Adjusted LOA, 

Alternate statistical 
methods  

 

3. Alternate statistical methods adjusted for repeated measurements versus standard LOA 
Alanenb Standard LOA   Alternate statistical 

methods 
 

Cecconi et al.   Standard LOA Alternate statistical 
methods 

 

Choudhary 
and Nagaraja, 
2017 

   Alternate statistical 
methods 

LOA 
(version not 

reported) 
Lai and Shiao 
 

 Standard LOA  Alternate statistical 
methods 

 

Quiroz and 
Burdickb 

Standard LOA   Alternate statistical 
methods 

 

Taffé, 2021 
 

   Alternate statistical 
methods 

LOA 
(version not 

reported) 
4. Alternate statistical methods adjusted using the mean of repeated measurements versus standard LOA 

Ambrosini et 
al. 
 

  Standard LOA, 
Alternate statistical 

methods  
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Anvari et al. Standard LOA  Standard LOA, 
Alternate statistical 

methods  

  

Batterham et 
al. 
 

  Standard LOA, 
Alternate statistical 

methods 

  

Euser et al. 
 

  Standard LOA, 
Alternate statistical 

methods 

  

5. Alternate statistical methods unadjusted for repeated measurements versus standard LOA 
Armstrong et 
al. 
 

Standard LOA, Alternate 
statistical methods 

Standard LOA, Alternate 
statistical methods 

   

Bland & 
Altman, 1986 

Standard LOA, Alternate 
statistical methods  

    

Kim and Lee 
 

Standard LOA, Alternate 
statistical methods  

    

Lorne et al. 
 

 Standard LOA, Alternate 
statistical methods 

   

Rankin and 
Stokes 

Standard LOA, Alternate 
statistical methods 

    

Saugel et al. 
 

Standard LOA, Alternate 
statistical methods 

    

6. Adjustments for repeated measurements not reported for LOA estimates and alternate statistical methods 
Lombard et al. 
 

    LOA, 
Alternate 
statistical 
methods 

Abbreviations: LOA, Limits of agreement. 
aBoth unadjusted LOA and adjusted LOA for repeated measurements are presented in these papers for comparison purposes. 
bLOA data extracted from Bland & Altman articles.  
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Table 5. Summary of strengths and limitations of the LOA methods, as reported by the authors of the included publications. 

 
Strengths Limitations 
Simple / straightforward / easy to do and 

interpret1,3,14,19,22,24,26,31,35 
Assumptions about the normality and the 

homoscedasticity of the distribution of the data 
need to be met1,25,26,34,35,36,38 

Provides information about the bias and 
magnitude of differences between 
methods27,28,32 

Agreement limits are subjective and based on 
clinical judgement, not based on statistical 
factors14,27,28,29 

Provides a visual representation of the 
comparison between methods32,38 

Does not provide information about which 
method is superior14,22,35 

Results are based on the original unit of 
measurement35 

There is uncertainty in point estimates that can 
lead to biased conclusions, 95% CI should be 
presented24,35 

Abbreviations: CI, Confidence intervals; LOA, Limits of agreement. 
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3.10 FIGURES 

 
Figure 1. PRISMA flow diagram.  
LOA, Limits of agreement. 
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3.11 APPENDIX 1. PRISMA-SCR CHECKLIST 

Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for 
Scoping Reviews (PRISMA-ScR) Checklist 

SECTION ITEM PRISMA-ScR CHECKLIST ITEM REPORTED 
ON PAGE # 

TITLE 
Title 1 Identify the report as a scoping review. 43 

ABSTRACT 

Structured 
summary 2 

Provide a structured summary that includes (as 
applicable): background, objectives, eligibility criteria, 
sources of evidence, charting methods, results, and 
conclusions that relate to the review questions and 
objectives. 

45, 46 

INTRODUCTION 

Rationale 3 

Describe the rationale for the review in the context of 
what is already known. Explain why the review 
questions/objectives lend themselves to a scoping 
review approach. 

47, 48 

Objectives 4 

Provide an explicit statement of the questions and 
objectives being addressed with reference to their key 
elements (e.g., population or participants, concepts, 
and context) or other relevant key elements used to 
conceptualize the review questions and/or objectives. 

48 

METHODS 

Protocol and 
registration 5 

Indicate whether a review protocol exists; state if and 
where it can be accessed (e.g., a Web address); and if 
available, provide registration information, including 
the registration number. 

49 

Eligibility criteria 6 

Specify characteristics of the sources of evidence 
used as eligibility criteria (e.g., years considered, 
language, and publication status), and provide a 
rationale. 

49, 50 

Information 
sources 7 

Describe all information sources in the search (e.g., 
databases with dates of coverage and contact with 
authors to identify additional sources), as well as the 
date the most recent search was executed. 

51 

Search 8 
Present the full electronic search strategy for at least 1 
database, including any limits used, such that it could 
be repeated. 

42 

Selection of 
sources of 
evidence 

9 
State the process for selecting sources of evidence 
(i.e., screening and eligibility) included in the scoping 
review. 

51, 52 

Data charting 
process 10 

Describe the methods of charting data from the 
included sources of evidence (e.g., calibrated forms or 
forms that have been tested by the team before their 
use, and whether data charting was done 
independently or in duplicate) and any processes for 
obtaining and confirming data from investigators. 

52 

Data items 11 List and define all variables for which data were sought 
and any assumptions and simplifications made. 52-54 

Critical appraisal of 
individual sources 
of evidence 

12 

If done, provide a rationale for conducting a critical 
appraisal of included sources of evidence; describe 
the methods used and how this information was used 
in any data synthesis (if appropriate). 

55 
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SECTION ITEM PRISMA-ScR CHECKLIST ITEM REPORTED 
ON PAGE # 

Synthesis of 
results 13 Describe the methods of handling and summarizing 

the data that were charted. 54 

RESULTS 
Selection of 
sources of 
evidence 

14 

Give numbers of sources of evidence screened, 
assessed for eligibility, and included in the review, with 
reasons for exclusions at each stage, ideally using a 
flow diagram. 

56, Figure 1 

Characteristics of 
sources of 
evidence 

15 For each source of evidence, present characteristics 
for which data were charted and provide the citations. 

56, 57, Table 
1 

Critical appraisal 
within sources of 
evidence 

16 If done, present data on critical appraisal of included 
sources of evidence (see item 12). NA 

Results of 
individual sources 
of evidence 

17 
For each included source of evidence, present the 
relevant data that were charted that relate to the 
review questions and objectives. 

57, Table 2 

Synthesis of 
results 18 Summarize and/or present the charting results as they 

relate to the review questions and objectives. 
57-61, Table 
3-5 

DISCUSSION 

Summary of 
evidence 19 

Summarize the main results (including an overview of 
concepts, themes, and types of evidence available), 
link to the review questions and objectives, and 
consider the relevance to key groups. 

62-64 

Limitations 20 Discuss the limitations of the scoping review process. 64-65 

Conclusions 21 
Provide a general interpretation of the results with 
respect to the review questions and objectives, as well 
as potential implications and/or next steps. 

66 

FUNDING 

Funding 22 

Describe sources of funding for the included sources 
of evidence, as well as sources of funding for the 
scoping review. Describe the role of the funders of the 
scoping review. 

66 

 
JBI = Joanna Briggs Institute; PRISMA-ScR = Preferred Reporting Items for Systematic reviews and Meta-Analyses 
extension for Scoping Reviews. 
 
 

From: Tricco AC, Lillie E, Zarin W, O'Brien KK, Colquhoun H, Levac D, et al. PRISMA Extension for Scoping Reviews (PRISMAScR): Checklist and 
ExplanaNon. Ann Intern Med. 2018;169:467–473. doi: 10.7326/M18-0850.  

http://annals.org/aim/fullarticle/2700389/prisma-extension-scoping-reviews-prisma-scr-checklist-explanation
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4.1 PREFACE TO CHAPTER 4 

 This chapter presents the protocol for the PREMISE (point-of-care hemoglobin accuracy 

and transfusion outcomes in non-cardiac surgery) prospective method comparison study. This 

protocol was strictly followed during the data collection phase. This chapter helps with the 

appraisal of the statistical analysis plan associated with this study and the manuscript presenting 

findings from this study, reported in Chapters 5 and 6.   



 92 

4.2 ABSTRACT 

Introduction: Transfusions in surgery can be life-saving interventions, but inappropriate 

transfusions may lack clinical benefit and cause harm. Transfusion decision-making in surgery is 

complex and frequently informed by hemoglobin (Hgb) measurement in the operating room. Point-

of-care testing for hemoglobin (POCT-Hgb) is increasingly relied upon given its simplicity and 

rapid provision of results. POCT-Hgb devices lack adequate validation in the operative setting, 

particularly for Hgb values within the transfusion zone (60-100 g/L). This study aims to examine 

the accuracy of intraoperative POCT-Hgb instruments in non-cardiac surgery, and the association 

between POCT-Hgb measurements and transfusion decision-making.   

Methods and analysis: PREMISE is an observational prospective method comparison study. 

Enrolment will occur when adult patients undergoing major non-cardiac surgery require POCT-

Hgb, as determined by the treating team. Three concurrent POCT-Hgb results, considered as 

index tests, will be compared to a laboratory analysis of Hgb (lab-Hgb), considered the gold 

standard. Participants may have multiple POCT-Hgb measurements during surgery. The primary 

outcome is the difference in individual Hgb measurements between POCT-Hgb and lab-Hgb, 

primarily among measurements that are within the transfusion zone. Secondary outcomes include 

POCT-Hgb accuracy within the entire cohort, post-operative morbidity, mortality, and transfusion 

rates. The sample size is 1750 POCT-Hgb measurements to obtain a minimum of 652 Hgb 

measurements <100 g/L, based on an estimated incidence of 38%. The sample size was 

calculated to fit a logistic regression model to predict instances when POCT-Hgb are inaccurate, 

using 4 g/L as an acceptable margin of error.  

Ethics and dissemination: Institutional ethics approval has been obtained by the Ottawa Health 

Science Network – Research Ethics Board (OHSN-REB) prior to initiating the study. Findings from 

this study will be published in peer-reviewed journals and presented at relevant scientific 

conferences. Social media will be leveraged to further disseminate the study results and engage 

with clinicians.  
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Keywords: hemoglobin; hematocrit; point-of-care test; transfusion; red blood cell; perioperative 

medicine; surgery; anesthesiology. 

 

STRENGTHS AND LIMITATIONS OF THIS STUDY 

• PREMISE is pragmatic and will include diverse participants undergoing major non-cardiac 

operations at risk of red blood cell transfusions.  

• The large sample size will allow the generation of a prediction model to identify conditions 

under which POCT-Hgb devices are at a particularly high risk of failure.  

• Tabletop blood gas analyzers were not included in this study given resource limitations 

and that it is not commonly used as a point-of-care device to determine hemoglobin 

concentrations in the setting where this study is taking place.  

 

Abbreviations: CBC, Complete blood count; EDCS, Electronic data capture system; GCP, Good 

Clinical Practice; Hct, Hematocrit; Hgb, Hemoglobin; IQMH, Institute for Quality Management in 

Healthcare; Lab, Laboratory; LoA, Limits of Agreement; OHSN-REB, Ottawa Health Science 

Network Research Ethics Board; POCT, Point-of-care-testing; RA, Research assistant; RBC, Red 

blood cell; REB, Research Ethics Board; SD, Standard deviation.  
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4.3 INTRODUCTION 

Worldwide, close to 85 million red blood cell (RBC) units are transfused annually, with 

surgical patients accounting for up to 44% of transfusions.1-3 Clinically indicated RBC transfusions 

in surgery can be life-saving interventions, while inappropriate transfusions provide no clinical 

benefit and can cause harm.4 Transfusions carry perioperative risks including transfusion-related 

acute lung injury and transfusion-associated circulatory overload.5 They may also lead to 

transfusion-related immunomodulation which is associated with worsened perioperative and long-

term oncologic outcomes in surgical patients.6,7 While these risks exist, they must be balanced 

against the risk of end-organ ischemia due to anemia resulting from under-transfusion.8 

There is widespread evidence of significant variation in transfusion practice in surgical 

patients.9,10 Although some variation may be expected, major differences in perioperative RBC 

transfusion events that cannot be explained by disease severity or patient preference likely 

reflects unwarranted variations in clinical care.11,12 Intraoperative RBC transfusions are generally 

defined as unwarranted when given in the absence of an acceptable clinical indication.13,14 

Published estimates suggest that 19% to 49% of RBC transfusions in surgery may be 

inappropriate, including in the field of liver surgery where a majority of transfusion events were 

unwarranted and 87% received too many RBC units.15-18 These findings emphasize the need to 

prevent unwarranted RBC transfusions in surgery given the cost of blood, associated risks, limited 

supply, and the nature of altruistic donations.19,20 

Intraoperative transfusion decision-making is a complex and dynamic process, and is 

unique given the risk of acute and rapid blood loss, and of wide variations in hemodynamic 

parameters in surgical patients.21 While transfusion should be primarily informed by clinical 

parameters, it also often relies on clinician judgement and non-clinical behavioural factors.22 

Although transfusion practices outside of the operating room are guided by high-quality evidence 

supporting restrictive transfusion triggers, there is no consensus supporting restrictive transfusion 

practices during surgery.23,24 Most guidelines informing intraoperative transfusions are sub-
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specialty specific, of poor quality, fail to provide specific recommendations, and are primarily 

extrapolated from the non-operative setting.25 Moreover, few clinical trials have compared 

intraoperative transfusion strategies, the majority of which had limited sample sizes and notable 

variability in chosen transfusion triggers.26 As such, transfusion decision-making in the operating 

room represents a significant evidence and knowledge gap. 

Current practice guidelines suggest that the decision to transfuse RBCs in surgery should 

be generally limited to those with a hemoglobin (Hgb) of 60-100 g/L and informed by important 

clinical parameters.27 Implicit in this recommendation is the emphasis on measuring Hgb at critical 

times during surgery. Recent surveys suggest that intraoperative Hgb measurement is the most 

important parameter in deciding whether to transfuse and that 89% of pediatric anesthesiologists 

report measuring the Hgb prior to initiating a transfusion.28,29 Other publications support the critical 

relationship between Hgb measurement during surgery and transfusion decisions, including our 

recent systematic review in which eight out of 10 published guidelines provided transfusion 

recommendations based on Hgb/hematocrit(Hct) measurement.25,30,31 

Traditionally, Hgb measurement during surgery was done through submission of a 

complete blood count (CBC) specimen to the main laboratory. More recently, point-of-care testing 

(POCT) instruments capable of measuring or calculating hemoglobin (POCT-Hgb) have become 

commonplace in surgery due to their ease of use and rapid delivery of a result. Two main classes 

of POCT-Hgb methods are currently in use in operating rooms, with a third class growing in 

utilization. The first class uses a modified azide-methemoglobin measurement method and yields 

a hemoglobin value from 10 µL of whole blood in 10-60 seconds.32 A commonly used device in 

this category is HemoCue (HemoCue AB, Ängelholm, Sweden). The second class can yield a 

panel of results for several analytes from 65-100 µL of whole blood in 120 seconds using the 

conductometric methods and calculates the Hgb using the measured Hct (Hgb (g/L) = Hct (%) x 

3.4).33,34 Commonly used devices in this category include i-STAT (Abbott Laboratories, Abbott 

Park, IL, USA) and Epoch (Siemens Healthineers, Erlagen, Germany). The third class of POCT-
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Hgb methods involves non-invasive monitoring of capillary hemoglobin through multiwavelength 

sensors and pulse co-oximetry. The Rad-67 Pulse CO-Oximeter (Masimo, Irvine, CA, USA) is one 

such example. 

To date, POCT-Hgb instruments have been validated with static and normal Hgb values, 

such as in healthy blood donors.35 In clinical care, they have been examined primarily in the non-

operative setting, such as the outpatient clinic or emergency department, reporting conflicting 

results in relation to bias and accuracy of POCT-Hgb devices.33,36-38 Their value in surgery, where 

Hgb can change rapidly due to bleeding and hemodilution from concurrent intravenous fluid 

administration, are relatively untested.39 More importantly, there is also a paucity of published 

validation data based on intraoperative Hgb values within the transfusion zone of 60-100 g/L used 

for clinical decision making, highlighting a major gap in existing evaluations.40-42 According to a 

recent systematic review, several comparison studies have examined HemoCue against a 

laboratory standard, with a minority including surgical patients.43 Only a small number of 

intraoperative evaluations of HemoCue have been published, concluding that while this POCT-

Hgb device is often more accurate than other POCT-Hgb devices, it should not be used 

interchangeably with a lab-Hgb value.40,44 Comparison studies evaluating i-STAT in surgery are 

even more limited in terms of numbers, sample sizes, and methodology.45-47 

Despite the lack of adequate validation in surgery, POCT-Hgb results are clearly relied 

upon to inform intraoperative transfusion decisions. Unpublished data from the authors’ institution 

reveals that POCT was the sole Hgb measurement technique (96%) in a granular cohort of liver, 

pancreas, and sarcoma resections (n=304 patients), of which 50% had at least one POCT-Hgb 

done. Among patients with an intraoperative POCT-Hgb <100 g/L, 54% went on to receive at least 

one perioperative RBC transfusion. Data from a separate liver resection cohort identified that 22% 

of patients who had a POCT-Hgb had an intraoperative transfusion, with a mean trigger Hgb of 

88 ± 21 g/L.48 The importance of POCT-Hgb in driving and supporting transfusion decisions has 

also been emphasized by multiple other authors.30,40,44,45,49,50 
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Routine use of POCT-Hgb may not be warranted without rigorous and definitive evidence 

to inform intraoperative practice. Investigators have previously emphasized that POCT-Hgb 

technologies should be examined in clinical context and not solely as laboratory comparisons, as 

only 13% of POCT-Hgb evaluations have done so in the past.51,52 The following proposed 

investigational plan is crucial and urgently needed as it will fill multiple evidence and knowledge 

gaps in perioperative medicine, aligning with several national and international groups research 

priorities on transfusion medicine.27,53-56 This study will generate a comprehensive and robust 

examination of three commonly used POCT-Hgb devices in the operating room. The proposed 

work is pragmatic, including all types of non-cardiac procedures within a wide spectrum of surgical 

patients of all sexes, ages, and ethnicities. It will generate a critical link between POCT-Hgb 

measurements and RBC transfusion. As such, this study will examine POCT-Hgb accuracy in 

clinical context by generating a sample that is adequately powered, with special emphasis on 

tests conducted within the Hgb transfusion zone of 60-100 g/L.27 We intend to leverage the wealth 

of data it will generate to inform future interventional trials on transfusion practices in the operating 

room.  

 

Objectives 

The overarching objective of this study is to determine the accuracy of intraoperative 

POCT-Hgb instruments in non-cardiac surgery, as well as its association with transfusion 

decision-making. 

Primary objective: To determine the accuracy of POCT-Hgb instruments in non-cardiac surgery 

when compared to lab-Hgb, and more specifically the accuracy of POCT-Hgb measurements 

when lab-Hgb values are within the Hgb transfusion zone of 60-100 g/L. 

Secondary Objectives: 

(1) To examine the accuracy of POCT-Hgb measurements when compared to lab-Hgb, within 

the entire Hgb range.  
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(2) To build clinical prediction models to predict the agreement failure of POCT-Hgb and lab-

Hgb measurements, including for measurements where lab-Hgb values are within the 

transfusion zone of 60-100 g/L. 

(3) To examine the association between POCT-Hgb measurements and intraoperative RBC 

transfusion. 

(4) To examine intraoperative RBC transfusion appropriateness. 
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4.4 METHODS: PARTICIPANTS, INTERVENTIONS AND OUTCOMES 

Study Design and Settings 

PREMISE is a method comparison study comparing different POCT-Hgb technologies in 

a prospective cohort of patients undergoing elective or urgent non-cardiac surgery. The study will 

take place at an academic health science center, comprised of two inpatient campuses (total 

1,117 beds), in Ottawa, Ontario, Canada. Results will be reported following the STARD 2015 

guidelines.57 

 

Eligibility Criteria 

Inclusion criteria: All adult patients undergoing major non-cardiac operations requiring 

invasive hemodynamic monitoring will be considered for inclusion. Non-cardiac surgery includes 

general surgery (gastrointestinal tract, splenic, abdominal wall, retroperitoneal, and breast 

operations), non-obstetrical gynecology, head and neck surgery, neurosurgery, orthopedic 

surgery, plastic surgery, spine surgery, thoracic surgery, urologic surgery, and vascular surgery. 

We will include both elective and urgent operations.  

Exclusion criteria: This study is intent on being pragmatic and generalizable, such that 

there are few exclusion criteria. Patients will be excluded if they are having cardiac surgery, if they 

are not undergoing surgery under general or neuraxial anesthesia (e.g. conscious sedation), or if 

they do not have an arterial catheter or central venous catheter. Furthermore, patients will be 

excluded if a blood sample is being collected outside of recruitment hours (Monday to Friday, 

10AM-7PM), or due to a lack of personnel during recruitment hours (i.e., vacation or sick days). 

 

Study procedures 

General approach: Each time an intraoperative Hgb measurement is undertaken by an 

anesthesiologist, the patient will undergo three concurrent Hgb measurements using the same 

blood sample. The anesthesiologist will draw a standard three mL of whole blood from the 
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arterial/central line and run the first POCT-Hgb device of their choosing for clinical purposes 

(HemoCue or i-STAT). The exact time of blood draw will be recorded. The remainder of the sample 

(approximately 2.5mL, which is usually discarded) will be given to a research assistant who will 

concurrently submit the central lab-Hgb sample and run the other POCT-Hgb device. A third 

POCT-Hgb will be obtained concurrently using a finger sensor (Rad-67 Pulse CO-Oximeter). All 

POCT-Hgb analyses will be performed within five minutes of the blood being drawn and the lab-

Hgb analysis will be performed the same day, by the end of the day. None of the research Hgb 

results will be disclosed to clinicians. Figure 1 shows a flow chart of the study procedures.  

Index tests: The three types of POCT-Hgb measurements will represent the commonest 

available POCT-Hgb method classes. They will be considered index tests, while the central lab-

Hgb will be considered the reference (gold standard) test. For each device, the manufacturer’s 

instructions and institutional procedures will be strictly adhered to, including device handling, 

training, storage, calibration, and quality control. 

Reference (gold standard) test: The central lab-Hgb sample will be collected in an 

ethylenediaminetetraacetic acid (EDTA) vacuum collection tube and delivered to the laboratory 

for processing in the usual fashion. A Sysmex XE-2100 analyzer (Sysmex Corporation, Kobe, 

Japan) will then be used to measure Hgb using the standard hemiglobincyanide method.  

Outcomes 

Primary outcome: The primary outcome will be the Hgb concentration differences 

between POCT-Hgb and lab-Hgb, with a lab-Hgb within the transfusion zone of 60-100 g/L, given 

its clinical importance. The primary outcome will lead to measures of accuracy (mean difference 

with 95% limits of agreement) and incidence of agreement failure based on an acceptable 

difference of ± 4 g/L (as recommended by the Institute for Quality Management in Healthcare 

definition (IQMH)).58 Outcomes that will be measured are presented in Table 1.  

Secondary outcomes:  

(1) Accuracy and agreement failure of POCT-Hgb devices for the entire Hgb range 
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(2) Intraoperative transfusion events  

(3) Post-operative transfusion events 

(4) Perioperative morbidity, following the classification of surgical complications proposed by 

Dindo et al, and mortality up to 30 days, determined by chart review.59 

 

Participant Timeline 

Patient selection: During surgery, all patients meeting the above inclusion and exclusion 

criteria will be considered potentially eligible. Enrollment and data collection will occur when there 

is a clinical need for intraoperative Hgb measurement, at the discretion of the treating 

anesthesiologist. A patient may have multiple Hgb measurement events during one operation, all 

of which will be eligible for inclusion in this study. 

 

Sample size 

The sample size was calculated based on the primary outcome of agreement failure 

incidence, assuming an acceptable difference of ± 4 g/L, within the subset of samples that are in 

the transfusion zone of 60-100 g/L. More specifically, the sample size was chosen to allow the 

fitting of a robust clinical prediction model for agreement failure. Fifteen predictors will be 

considered for the prediction model. Assuming a c-statistic of 0.75, a prevalence of 0.5 whereby 

at least 50% of i-STAT measurements are expected to fall outside of the acceptable ± 4 g/L margin 

of error, a total of 652 measurements will be needed to fit a stable logistic regression model with 

15 independent variables, based on methods described by Riley et al.60 As such, patients will be 

enrolled until at least 652 lab-Hgb measurements are below 100 g/L. Given that preliminary data 

from our institution suggest that 38% of POCT-Hgb values are below 100 g/L, it is expected that 

a total of approximately 1,750 measurements will be required. 
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4.5 METHODS: DATA COLLECTION, MANAGEMENT, AND ANALYSIS 

Recruitment 

Research assistants (RA) will be present in the operating rooms on a daily basis during 

study hours to enroll eligible patients. Anesthesiologists will be encouraged to call the RA when 

they are using the POCT-Hgb devices. The RA will also monitor and identify all requests for POCT-

Hgb devices and accompany the devices to the relevant operating room.  

 

Data Collection Methods 

Assessment and collection of outcomes: Study data will be collected using an 

electronic data capture system (EDCS). All relevant clinical variables for POCT-Hgb events will 

be recorded on a standardized web-based case report form by the research staff. All transfusion 

events will be recorded in real time in the operating room, as well as using the transfusion 

medicine information system following transfer to the recovery room. 

Training: The research team will be trained on the use of the POCT devices and on study-

related procedures. Devices calibration and quality control will be conducted in accordance with 

our existing institutional policies and the manufacturer’s instructions. 

Loss to follow-up: We expect no loss to follow-up up to 30 days post-surgery. All such 

patients are carefully monitored in hospital, followed by one or two clinic visits in the first three 

weeks after discharge. In the event of a postoperative death within 30 days of surgery, patients 

will be considered to have completed follow-up.   

 

 

 

Data Management 

Participants will be identified only by an identification number on all study documents and 

electronic databases. For each participant, relevant data will be collected and entered into the 
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EDCS by the research staff. Any hard copy study documents will be kept in locked and secure 

drawers within the study offices. 

 

Statistical Methods 

Analytic plan: A detailed Statistical Analysis Plan has been generated for this study 

(Thesis Chapter 3). Data will be analyzed using SAS 9.4 (SAS Institute, Cary, NC, USA) and R 

version 4.0.2 (The R Foundation for Statistical Computing). The primary unit of analysis will be 

individual Hgb measurements. For each event, the three POCT-Hgb results will be compared to 

the gold standard lab-Hgb value. When required, repeated measures will be accounted for, given 

the correlated nature of multiple Hgb tests conducted serially in the same patient during one 

operation, using different methods developed for each of the proposed analysis. All analyses will 

be reported both for the transfusion zone cohort of Hgb 60-100 g/L and for the entire Hgb range 

(all observations). 

Continuous agreement: Continuous agreement between POCT-Hgb and lab-Hgb will be 

compared using the Limits of Agreement (LoA) method proposed by Bland and Altman, adjusted 

for multiple measurements per individual.61,62 Limits of agreement will be presented with 95% 

confidence intervals.61,63 Mean differences (y-axis) will be generated and plotted against the 

means of POCT-Hgb and lab-Hgb values (x-axis). LoA will be calculated as ±1.96 standard 

deviation (SD) around the mean difference, with a SD adjusted for multiple measurements. 

Calculations will also be repeated using mean differences expressed as a percentage difference 

((lab-Hgb – POCT-Hgb)/lab-Hgb). Interchangeability between the POCT-Hgb and the lab-Hgb will 

be examined by plotting the two limits of agreement and determining visually whether these fall 

within the IQMH allowable difference of ± 4 g/L.58 As a complement to the Bland-Altman analysis, 

folded empirical distribution plots will be constructed.40 This visual representation of the 

distribution of actual differences complements the Bland-Altman plots by providing an easier 

visual assessment of the tails, or largest differences.  
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 Error grid analysis: The method of Morey et al will be utilized to further examine 

agreement between POCT-Hgb and lab-Hgb, in the context of clinical relevance.41 POCT-Hgb (y-

axis) will be plotted against lab-Hgb (x-axis). Three zones will be defined within the surface area 

of the plot, based on clinical risk of RBC transfusion. These will be modified from Morey, as this 

group used an allowable difference of 10 g/L rather than the 4 g/L defined by IQMH.41,58 The 

uppermost and lowermost regions of the plot will include much of the green zone, where 

measurement errors have little influence on RBC transfusion decisions. A narrow band around 

the unity line completes the green zone. The yellow zone is mainly situated in portions of the plot 

where lab-Hgb or POCT-Hgb lies between 60-100 g/L. In this zone, measurement discrepancies 

have the potential to yield transfusion errors. Finally, the red zone will be defined as those areas 

on the plot where major clinical mistakes can be expected to occur. In these areas, discrepancies 

between measurements are very wide and at least one of the values is below 60 g/L, implying a 

guaranteed situation of over- or under-transfusion. The proportion of patients that fall within the 

yellow zone of transfusion risk will be calculated. 

Dichotomous agreement: The primary outcome will also be analyzed by dichotomizing 

the results of individual pairwise comparisons between POCT-Hgb and lab-Hgb. The absolute 

values of Hgb differences will be examined and any difference greater than 4 g/L (lab-Hgb <100 

g/L) or greater than 5% (lab-Hgb ≥100 g/L) will be considered to lie outside of the allowable test 

difference based on the IQMH definition.58 These comparisons will be coded as agreement failure. 

The proportion of agreement failure and 95% confidence interval adjusted for repeated 

measurements will be calculated.64 This will also be done using two other reference standards for 

agreement as a secondary analysis, being an allowable difference of ±10 g/L often used in similar 

studies based on expert opinion, and an allowable difference of ±7%, based on guidelines by the 

Clinical Laboratory Improvement Amendments (CLIA) of 1988.41,42,65-71 

 Transfusion thresholds agreement: One must also consider that the purpose of 

measuring Hgb is to determine whether a patient needs an RBC transfusion. The latter decision 
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is a binary event and thus it is useful to examine agreement between measurements based on 

the potential to transfuse RBC at different Hgb thresholds. For this analysis, actual transfusions 

will not be examined, but rather their hypothetical potential based solely on Hgb thresholds. To do 

so, Cohen’s kappa statistics will be calculated at different thresholds, comparing the proportion of 

patients that would potentially be transfused at each Hgb value with each measurement method 

beyond chance alone.41,72 

Predictive modelling: This will be done to examine whether specific patient- and sample-

level covariates predict agreement failure (IQMH definition) for measurements where lab-Hgb 

values are within the transfusion zone of 60-100 g/L.58 This analysis will potentially identify a 

subset of patients for whom POCT-Hgb should not be used to guide transfusion decisions, rather 

than making conclusions based on agreement alone. Generalized linear mixed models-logistic 

regression models (to account for repeated measures within individual patients), restricted to 

samples that are laboratory-identified as being in the transfusion zone, will evaluate the predictive 

capacity of the following variables: sex, weight, height, elective vs emergency operation, 

preoperative Hgb, duration of surgery up to POCT, intravenous fluid infusion volume, blood loss, 

arterial vs. venous blood sample, and patient temperature at the time of blood sampling. These 

models will be repeated three times for each POCT test, one to predict overall unacceptable 

differences (absolute difference greater than 4 g/L), one to predict unacceptable low POCT 

measurements, and one to predict unacceptable high POCT measurements. Given the 

exploratory nature of this objective, no adjustment will be made for multiple comparisons.  

Transfusion appropriateness: Anesthesiologists will document reasons for transfusions. 

Intraoperative transfusion events will be adjudicated for appropriateness in terms of the decision 

to initiate transfusion, as well as the number of RBC units administered. Existing transfusion 

appropriateness instruments will be applied prospectively.13,14,73 Adjudication will be conducted 

independently by two individuals trained in the use of the adjudication instruments. The 

correlational relationship between transfusion events appropriateness and POCT-Hgb 
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dichotomous agreement (only the last test prior to transfusion) will be examined using 2x2 

contingency tables and Chi-squared tests. This relationship will help identify situations when the 

potential for mistransfusion is at a higher risk based on the POCT-Hgb value, while acknowledging 

the fact that transfusion decision-making is related to a variety of factors and does not rely solely 

on Hgb measurements.  
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4.6 METHODS: MONITORING 

Data monitoring 

Given the observational nature of the study, a Data and Safety Monitoring Board will not 

be needed. A monitoring plan will be put in place to ensure proper conduct of the study. 

 

Harms 

There is no potential for harm in this study, as all blood sampling is conducted for clinical 

purposes only. 

 

Auditing 

The study may be monitored or audited in accordance with the current approved protocol, 

Good Clinical Practice (GCP), and relevant regulations and standard operating procedures. 

 

Patient and public involvement 

 No patients were involved in the development of this study protocol. 
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4.7 ETHICS AND DISSEMINATION 

Research Ethics Approval 

The protocol and all other study material have been submitted and approved by the 

Ottawa Health Science Network – Research Ethics Board (OHSN-REB) prior to study initiation 

(protocol ID 20200731-01H). The principal investigator will ensure that this study is conducted in 

accordance with relevant regulations, GCP, and Tri-Council Policy Statement 2.   

 

Protocol Amendments 

If any protocol amendment or modification takes place, approval from the OHSN-REB will 

be obtained before implementing any change. Once REB approval is obtained, the PI will brief all 

relevant parties on the amendments and a copy of the amended protocol will be provided.  

 

Consent 

The current study is observational and requires no patient participation. Given its 

observational nature, absence of risk, and focus on quality, this method comparison study 

represents one of the circumstances under which waived consent is permitted.  

 

Confidentiality 

The study staff will ensure that the participants’ anonymity is maintained. Personal health 

information (PHI) and personal identifying information (PII) recorded for this study will be 

maintained in a secure, password-protected database accessible only to the investigators and 

the research staff. This file will be linked to other study documents, forms, and databases by way 

of a unique study identification number (study ID). The study list will be maintained exclusively on 

secure servers at The Ottawa Hospital. Any data derived from the study and released to the study 

statistician will be completely de-identified. 
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4.9 TABLE 

Table 1. Outcome measures and their evaluation time-points. 

Outcome Measures 
Time-points of 

evaluation 

POCT-Hgb (HemoCue, i-STAT, Rad-67) and Lab-Hgb measurements 
Day 0 

(intraoperatively) 

Intraoperative red blood cell transfusion events 
Day 0 

(intraoperatively) 
 

POCT-Hgb time-point parameters at the time of blood sampling: duration 

of surgery, intravenous infusion fluid volumes, estimated blood loss, type 

of blood sample (arterial vs. venous), patient temperature, intraoperative 

physiologic parameters (blood pressure, etc.), use of intraoperative blood 

thinners or blood loss preventative methods (e.g., tranexamic acid, Cell 

Saver, prothrombin complex concentrate, heparin, protamine, etc.), and 

use of intraoperative vasopressors (e.g., norepinephrine, phenylephrine, 

epinephrine, etc.) 

Day 0 (time of 

intraoperative 

blood sample for 

POCT-Hgb 

measurement) 

Serial hemoglobin values (pre-operative, post-transfusion when 

applicable, post-operative up to 30 days post-surgery, and at 30days ± 

7days) 

Preoperatively 

Day 0-30 

Day 30 

Post-operative transfusion rates Day 30 

Morbidity Day 30 

Mortality Day 30 
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4.10 FIGURE 

 

 

Figure 1 Flow chart of study procedures. Hgb, Hemoglobin; POCT, Point-of-Care Testing. 
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5.1 PREFACE TO CHAPTER 5 

This chapter presents a comprehensive statistical analysis plan (SAP) for the PREMISE 

study. This SAP serves as an appendix to the PREMISE protocol (Chapter 4). Findings from the 

scoping review helped inform the statistical analyses set out in this SAP. In the original appendix, 

a table was included in section 5.4 SECTION 3 – STUDY METHODS. However, for the purpose 

of this thesis, this table was removed as it was already presented in Chapter 4, in the PREMISE 

protocol. The SAP informed the analysis of the PREMISE study, for which the findings are 

presented in Chapter 5.   
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5.2 SECTION 1 – ADMINISTRATIVE INFORMATION 

Roles and Responsibilities 

Name Role Institution 
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Karine Brousseau developed the statistical analysis plan (SAP), based on the analyses 

set out in the study protocol. Dr. Guillaume Martel is the study Principal Investigator and helped 

develop this SAP. Dr. Dean Fergusson is a senior investigator and provided mentorship and 

advice regarding the design, conduct, and analysis of this study. Dr. Tim Ramsay and Dr. Ranjeeta 

Mallick are the study statisticians and assisted in the development of the SAP. Dr. Guillaume 

Martel, Dr. Tim Ramsay, Dr. Ranjeeta Mallick, Dr. Dean Fergusson, and Dr. Daniel McIsaac 
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Abbreviations and Definitions 

AE Adverse events 

ASA American Society of Anesthesiologists 

BMI Body mass index 

GLMM Generalized linear mixed models 

Hgb Hemoglobin 

IQMH Institute for Quality Management in Healthcare definition 

IV Intravenous 

Lab Laboratory 

LoA Limits of Agreement 

OHRI Ottawa Hospital Research Institute 

POCT Point-of-care testing 

POD Post-operative day 

PREMISE Point-of-care hemoglobin accuracy and transfusion outcomes in non-

cardiac surgery 

RA Research Assistant 

RBC Red blood cell 

SAP Statistical analysis plan 

TOH The Ottawa Hospital 
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5.3 SECTION 2 – INTRODUCTION 

Background and Rationale 

The PREMISE (Point-of-care hemoglobin accuracy and transfusion outcomes in non-

cardiac surgery) study will provide a comprehensive and definitive examination of the most 

commonly used point-of-care testing (POCT) instruments capable of measuring hemoglobin 

(POCT-Hgb) in Canadian operating rooms. It will address the critical issue of accuracy in 

hemoglobin (Hgb) measurement with sufficient statistical power to generate robust findings. 

Previous investigators have emphasized that POCT-Hgb technologies should be examined in 

clinical context and not solely as ex vivo laboratory comparisons, as only 13% of POCT 

evaluations have done so in the past1,2. As such, this work will examine POCT-Hgb accuracy in 

clinical context by generating a sample that is sufficiently powered to study tests within the critical 

Hgb transfusion zone of 60-100 g/L, as defined by the practice guidelines of the American Society 

of Anesthesiologists3. POCT-Hgb devices being evaluated in terms of accuracy for the purpose 

of this study are HemoCue (HemoCue AB, Ängelholm, Sweden), i-STAT (Abbott Laboratories, 

Abbott Park, IL, USA), and Rad-67 Pulse CO-Oximeter (Masimo, Irvine, CA, USA). The first two 

devices rely on a small blood sample, while the third uses a non-invasive finger probe. 

Hemoglobin measured in the central laboratory (lab-Hgb) will be considered as the gold standard 

and will serve as the comparator to examine the accuracy of the POCT-Hgb.  

The proposed work includes all types of non-cardiac operations, within a wide spectrum 

of surgical patients of all sexes, ages, and ethnicities. It will generate a critical link between POCT-

Hgb measurements and RBC transfusion. It is expected to inform our understanding of 

appropriate and inappropriate transfusions, as well as to produce data on transfusion triggers in 

the operating room.  

 This statistical analysis plan (SAP) provides our complete and comprehensive plan for the 

analysis of the PREMISE study, following guidance proposed by Gamble et al4.  
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Objectives 

The overall objective of this study is to determine the accuracy of intraoperative POCT-

Hgb instruments in non-cardiac surgery, as well as its association with transfusion decision-

making. 

Primary objective: To determine the accuracy of POCT-Hgb instruments in non-cardiac surgery 

when compared to lab-Hgb, and more specifically the accuracy of POCT-Hgb measurements 

when lab-Hgb values are within the Hgb transfusion zone of 60-100 g/L. 

Secondary Objectives: 

1. To examine the accuracy of POCT-Hgb measurements when compared to lab-Hgb, within 

the entire Hgb range.  

2. To build a clinical prediction model to predict the agreement failure of POCT-Hgb and lab-

Hgb measurements, including for measurements where lab-Hgb values are within the 

transfusion zone of 60-100 g/L. 

3. To examine the association between POCT-Hgb measurements and intraoperative RBC 

transfusion. 

4. To examine intraoperative RBC transfusion appropriateness. 
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5.4 SECTION 3 – STUDY METHODS 

3.1 Study Design 

 This is a prospective observational method comparison study of POCT-Hgb technologies 

against the gold standard of lab-Hgb. It takes place in the operating rooms of The Ottawa Hospital 

(TOH) while patients are undergoing elective or urgent non-cardiac surgery. Patients are enrolled 

into this study when an anesthesiologist determines that it is clinically indicated to verify the 

patient’s Hgb using a POCT-Hgb device. For each patient enrolled into the study, concurrent Hgb 

values measured using three POCT devices will be compared to a Hgb value measured in the 

main laboratory, all using the same blood sample. Hgb values may be analyzed more than once 

(i.e., repeated measures) during a given operation, depending on the anesthesiologist’s need to 

assess Hgb. 

Screening will take place on the day of surgery. All patients having non-cardiac surgery 

that meet the inclusion criteria will be considered as potentially eligible. When an anesthesiologist 

determines that a patient’s Hgb needs to be tested during surgery, further screening will be 

performed by asking inclusion-specific questions to the anesthesiologist, prior to any testing being 

done to ensure patients are eligible for enrolment into the study. Once the patient is deemed 

eligible, they will be enrolled into the study and their Hgb may be tested. All consecutive 

participants meeting eligibility will be enrolled.  

Baseline data will be collected by chart review of the patient’s health history after they 

have been enrolled into the study. Patients will be followed for a period of 30 days after the date 

of their surgery to monitor for post-operative transfusions, adverse events, vital status, and 

laboratory values. 

 

3.2 Sample Size 

The sample size was calculated based on the primary outcome of agreement failure 

incidence, assuming an acceptable difference of ± 4 g/L, within the subset of samples that are in 
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the transfusion zone of 60-100 g/L. More specifically, the sample size was chosen to allow the 

fitting of a robust clinical prediction model for agreement failure. Fifteen predictors will be 

considered for the prediction model. Assuming a c-statistic of 0.75, a prevalence of 0.5, whereby 

at least 50% of i-STAT measurements are expected to fall outside of the acceptable ± 4 g/L margin 

of error, a total of 652 measurements will be needed to fit a stable logistic regression model with 

15 independent variables, based on methods described by Riley et al5. As such, patients will be 

enrolled until at least 652 lab-Hgb measurements are below 100 g/L. Given that preliminary data 

from our institution suggest that 38% of POCT-Hgb values are below 100 g/L, it is expected that 

a total of approximately 1,750 measurements will be required. 

 

3.3 Statistical interim analyses and stopping guidance (if applicable) 

 No statistical interim analyses planned.  

 

3.4 Timing of final analysis 

 The study is due to finish approximately 2.5 years after the start of accrual, once the total 

sample size is achieved. Participants will be followed up to 30 days after the day of surgery for 

adverse events, considered as a secondary outcome. Once data collection is completed, the data 

will be cleaned, verified and locked for analysis. All data will be extracted from the electronic data 

capture system and analyzed using a statistical software.  

 

3.5 Timing of outcome assessments 

 The primary outcome is the difference between POCT-Hgb and lab-Hgb measurements 

for all individual blood samples collected for this study. This data will be measured and collected 

simultaneously during the participant’s surgery, when the anesthesiologists determines that the 

Hgb needs to be assessed and may be done repeatedly during the surgery.  
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 Data pertaining to secondary outcomes of interest will be collected from patient’s 

electronic medical records, intra- and post-operatively, up to one month after the participant’s 

surgery (Table 1). All outcome variables will be pulled for final analysis only once data collection 

will be complete, one month after the last participant has been enrolled and the dataset is ready 

for analysis.  
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5.5 SECTION 4 – STATISTICAL PRINCIPLES 

4.1 Confidence Intervals and P values 

 All results will be presented with 95% confidence intervals, with a threshold for P values 

of 0.05 to determine statistical significance, thus allowing for a type 1 error of up to 5%. No 

corrections for multiple statistical testing will be done as we have one primary outcome that is pre-

specified.  

 

4.2 Adherence and protocol deviations 

 All protocol deviations will be tracked and logged. Protocol deviations and non-adherence 

will be compiled and synthesized for frequency. There is a small possibility that data collected 

during a protocol deviation may be of different quality or biased. Therefore, sensitivity analyses 

will be conducted when feasible to assess the effect on our data. The main types of deviations 

that may occur are:  

1. The Rad-67 finger probe POCT-Hgb may be measured more than five minutes after the 

blood draw used for other POCT-Hgb and lab-Hgb results, due to having limited access 

to fingers. A sensitivity analysis will be conducted to determine whether the accuracy was 

different than in samples for which measurement was performed within five minutes of 

blood draw.  

2. A brief survey consisting of a few questions needs to be conducted with the 

anesthesiologist at each POCT-Hgb timepoints to capture intraoperative data up to that 

point. The anesthesiologist may not be available to answer the questions, due to fast-

paced emergency clinical care. In this case, the research assistant (RA) will estimate the 

intraoperative data at that point by visually inspecting the operative room and looking at 

the patient chart. This may influence the estimate of blood loss and IV fluid infusion. A 

sensitivity analysis will be performed to determine whether anesthesiologist availability 

influenced data integrity at those specific POCT-Hgb measurement time-points.  
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3. The clinical blood sample may be insufficient to perform all required tests. A sensitivity 

analysis will be performed to determine whether this may have an effect on the accuracy 

of the devices to measure Hgb.  

4. Finally, there may be limited access to the fingers of participants during surgery. In those 

cases, Rad-67 measurement may not be possible at all leading to missing data from this 

POCT-Hgb device. The management of missing data will be addressed in section 6.3 of 

this protocol.  

 

4.3 Analysis populations 

 The primary analysis will be conducted on blood samples with a lab-Hgb measurement 

between 60-100 g/L. Secondary and sensitivity analyses will be conducted using the full 

population, at the individual blood sample level, and at the participant-level, considering repeated 

blood sample measurements may have been done during a participant’s surgery. Finally, 

sensitivity analyses will also be conducted using only blood samples that were tested without any 

protocol deviation.   
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5.6 SECTION 5 – STUDY POPULATION 

5.1 Eligibility 

 Inclusion criteria are very broad in order to include a variety of participants with different 

characteristics. Therefore, all individuals at least 18 years of age undergoing major non-cardiac 

surgery under general or neuraxial anesthesia at The Ottawa Hospital (TOH) General or Civic 

campuses will be considered for inclusion. Non-cardiac surgery includes general surgery, non-

obstetrical gynecologic surgery, head and neck surgery, neurosurgery, orthopedic surgery, plastic 

surgery, thoracic surgery, urologic surgery, and vascular surgery. Patients will need to have an 

arterial catheter or a central venous catheter to be eligible. Samples collected outside of study 

hours will be excluded as there will not be any staff available for enrolment and data collection 

during those times.  

 

5.2 Withdrawal/Follow-up 

 We expect no loss to follow-up in this study as participants are followed up until 30 days 

after their surgery. Patients are usually carefully monitored for at least three to seven days in 

hospital following surgery and have a prescribed clinical follow-up with the surgeon within a month 

of discharge. Thus, data should be available for the entirety of the follow-up period. In the unlikely 

situation of a patient death within 30 days of surgery, these will be considered as having 

completed their full follow-up. If a participant was enrolled, but it is assessed that they did not 

meet the inclusion criteria after enrolment (e.g., under 18 years of age or not under general or 

spinal anesthesia), participants and the accompanying data will be withdrawn from the study.  

 

5.3 Baseline Patient Characteristics 

Baseline patient characteristics include: 

- Sex 

- Age 
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- Weight (kg) 

- Height (cm) 

- Body mass index (BMI) (kg/m2) 

- Medical comorbidities to derive the Charlson Comorbidity Index5: history of smoking, 

history of alcoholism, hypertension, dyslipidemia, diabetes mellitus, liver disease, 

malignancy (solid tumors, lymphoma, leukemia), metastatic disease, acquired 

immunodeficiency syndrome (AIDS), moderate to severe chronic kidney disease, 

congestive heart failure, myocardial infarction, chronic obstructive pulmonary disease, 

peripheral vascular disease, cardiovascular accident/transient ischemic attack, dementia, 

hemiplegia, connective tissue disorder, peptic ulcer disease, other cardiac comorbidities. 

- Pre-operative chemotherapy (within six months of surgery) 

- Pre-operative radiation treatments to the surgical area 

- Pre-operative laboratory studies (up to 90 days before surgery): hemoglobin (g/L), 

hematocrit (L/L), platelet count (x109/L), international normalized ratio (INR), creatinine 

(μmol/L), sodium (mmol/L), bilirubin (μmol/L), and troponin T.  

- Campus where the surgery takes place 

- Baseline surgical parameters: type of surgery, surgery priority (elective or emergent), 

surgery start and end times, American Society of Anesthesiologists (ASA) score, and type 

of anesthesia (general or spinal).  
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5.7 SECTION 6 – ANALYSIS 

6.1 Outcome Definition 

Primary outcome: The primary outcome is the difference in Hgb measurements between 

each individual POCT-Hgb device and the lab-Hgb within the transfusion zone of 60-100 g/L. This 

outcome will be analyzed both in a continuous and a dichotomous fashion. For the primary 

outcome, accuracy of POCT-Hgb devices is defined as a reference standard of ± 4 g/L from the 

lab-Hgb value for agreement. The absolute value of the difference between POCT-Hgb and lab-

Hgb will be examined and any difference greater than 4 g/L in blood samples having a lab-Hgb 

<100 g/L will be considered to lie outside of the allowable test difference based on the Institute 

for Quality Management in Healthcare definition (IQMH)6 and will be coded as agreement failure 

for dichotomous analyses.  

Secondary outcomes: Dichotomous outcomes will be considered for failure rates of the 

devices using three different reference standards. Failure rates will be measured in the complete 

population and within the transfusion threshold. First, we will use the definition for agreement 

based on the IQMH as for the primary outcome, coding blood samples as agreement failure if the 

difference between POCT-Hgb and lab-Hgb values is greater than 4 g/L when the lab-Hgb is <100 

g/L and the difference is greater than 5% in samples with a lab-Hgb ³100 g/L6.  Second, a 

difference of 10 g/L in Hgb concentration between POCT-Hgb and lab-Hgb values as a reference 

will be used to determine agreement, as it is a threshold often used in agreement studies 

concerning POCT-Hgb devices based on expert opinions7–12. In this case, any difference greater 

than 10 g/L from the lab-Hgb value will be coded as agreement failure in all blood samples. Third, 

a difference greater than 7% between the POCT-Hgb and lab-Hgb will be coded as agreement 

failure, based on the guidelines from Clinical Laboratory Improvement Amendments (CLIA) of 

1988, as supported by the Center for Disease Control and Prevention (CDC) and the U.S. Food 

& Drug Administration (FDA)7,13–16. Using a percentage of difference will allow for a smaller 
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difference in lower values of Hgb, where POCT-Hgb device accuracy is critical for important 

transfusion decisions. Finally, the total difference between POCT-Hgb results and lab-Hgb results 

measured in a continuous fashion in the full population will also be considered as a secondary 

outcome.  

Other secondary outcomes will be assessed at two different time-points, intra-operatively 

and one month post-operatively. Secondary outcomes measured intra-operatively include 

transfusion rates, and the amount, type (red blood cells, fresh frozen plasma, platelets, 

cryoprecipitate/fibrinogen, albumin (5% or 25%)), and number of units of blood transfusions. 

Secondary outcomes measured one month post-operatively include blood transfusion rates, 

serial Hgb measurements, length of stay, type and quantity of post-operative blood transfusions, 

re-hospitalization, re-operation, mortality, intensive care unit (ICU) admission, and new 

occurrence of myocardial infarction, stroke or cerebrovascular accident, deep vein thrombosis, 

pulmonary embolism, or acute kidney injury. 

 

6.2 Analysis Methods 

 Data will be analyzed using SAS 9.4 (SAS Institute, Cary, NC, USA) and R (The R 

Foundation). Prior to any analysis being initiated, a careful exploratory data analysis will be 

undertaken to understand trends in the data using data visualization techniques for each variable. 

All analyses will be adjusted for repeated measurements of Hgb within participants when possible. 

There are two units of analysis considered:  

- For the primary outcome and secondary outcomes pertaining to agreement where POCT-

Hgb results are compared to lab-Hgb results, the unit of analysis is the individual Hgb 

measurements from each blood sample done during a patient’s surgery, which can be 

repeated for a same participant during surgery.  

- For other secondary outcomes such as transfusion rates, adverse events, and post-

operative outcomes, the unit of analysis is the participant.   
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Descriptive statistics: 

- Descriptive statistics will be generated for the baseline variables (see section 5.3) to define 

the study population using counts and percentages for categorical variables, and means 

and standard deviations for continuous data, or median and interquartile range as needed 

for variables with skewed distributions.  

- Descriptive statistics will be presented for both units of analysis. In Table 1, baseline 

characteristics will be presented at the patient level, for the full population. Differences 

between sex will be explored and a stratification by sex will be presented in Table 1 if there 

are statistical differences in baseline characteristics. In Table 2, baseline characteristics 

will be presented at the blood sample level, stratified according to transfusion thresholds, 

presenting data for the samples with a lab-Hgb <100 g/L and for the samples with a lab-

Hgb ³100 g/L. Further stratification will present data by agreement failure (based on the 

IQMH recommendations), at the blood sample level.  

Repeated measurements: 

- Repeated measurements will be accounted for when possible, when the analysis is at the 

blood sample level (i.e, samples clustered within participants).  

- For the primary analysis examining the accuracy of POCT-Hgb devices, the limits of 

agreement will be computed using the Limits of Agreement (LoA) method that is adapted 

for repeated measurements. 

- For predictive modelling, we will account for repeated measurements and random effects 

using a generalized linear mixed model framework.  

- Participants may have had multiple different operations, making them eligible for this study 

more than once. Multiple operations for the same participant will be considered as 

independent, given that the surgical parameters may vary widely between operations, 

therefore affecting the accuracy of POCT-Hgb devices. A sensitivity analysis will be 
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conducted to examine whether the multiple operations per participant are truly 

independent.  

 

Primary analysis 

Limits of Agreement: 

- We will use Bland & Altman’s LoA method adapted for repeated measurements to analyze 

our data in a continuous fashion. We will use the method where the true value varies, as 

Hgb values have the potential to change rapidly and drastically in the operative setting17. 

The limits of agreement generated for each POCT-Hgb device are expected to contain 

95% of the paired comparisons between POCT-Hgb measurement and the lab-Hgb 

measurement for the study population, being adults undergoing major non-cardiac 

surgery17. To evaluate the precision of the limits of agreement, 95% confidence intervals 

will be generated for both point estimates of the LoA18–20.  

- For the primary analysis, the LoA will be computed for Hgb measurements with a lab-Hgb 

value <100 g/L, within the transfusion zone.  

- The limits of agreement will be computed for each POCT-Hgb device separately.  

- Due to the repeated measures included in our dataset, we will adjust for two different types 

of variances, being within subjects (or intra-subject variance) and between subjects (or 

inter-subject variance) using one-way analysis of variance17.  

- If the limits of agreement are within -4 and 4 g/L, the POCT-Hgb device will be considered 

as accurate, having good agreement with the lab-Hgb, according to the standards of the 

IQMH.6 The POCT-Hgb device that has the narrowest LoA will be considered as the most 

precise method to determine Hgb in the operative setting, when compared with a lab-Hgb 

value. 

- We will also generate scatter plots of the difference between the POCT-Hgb and lab-Hgb 

against the mean value of the POCT-Hgb and lab-Hgb values for each blood sample. This 
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scatterplot will allow visualization of the limits of agreement by adding horizontal lines of 

the mean and the upper and lower limits of agreement, ensuring that the computed LoA 

fits the data well for each POCT-Hgb device.  

- Furthermore, data visualization techniques have been proposed by Bland and Altman to 

assess whether the data respects the underlying assumptions required when using this 

type of statistical method17. First, we will create a scatter plot of the difference between 

the POCT-Hgb measurement and the lab-Hgb measurement on the y-axis against the 

mean of both methods on the x-axis. This will allow visualization of any subject by method 

interaction17. Second, we will create scatter plots of the standard deviation of repeated 

methods against the lab-Hgb value and this will allow verification of any relationship 

between the variability of the differences in the repeated measures and the magnitude of 

the true value17. Third, we will visually assess if our data respects the independence 

assumption by plotting the difference between the POCT-Hgb and lab-Hgb values against 

the order in which the measurements were recorded17.  

 

Secondary analyses 

Continuous agreement 

Limits of agreement:  

- The limits of agreement, as described under the primary analysis section above, will be 

computed for the full population, as a secondary analysis. Further analysis will be done 

for each sex, to examine whether sex may have an impact on the accuracy of POCT-Hgb 

devices.  

Folded empirical distribution plots: 

- As a complement to the Bland & Altman plots, we will build folded empirical distribution 

function curves, also called mountain plots21,22. This type of plot will illustrate the median 

and range of the difference between each POCT-Hgb device and lab-Hgb value and will 
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allow comparison of the distribution of differences of all POCT-Hgb devices by 

superimposing them on the same graph, which will also indicate which device appears to 

be more precise by assessing the narrowness of the plots21. This plot will also allow us to 

determine whether there is a systematic bias in any of the POCT-Hgb devices if the 

median difference is not equal to zero22.  

Error grid analysis: 

- We will conduct an error grid analysis for each POCT-Hgb device, consisting of three 

zones, based on practice guidelines. Three different error grids will be designed, one for 

each reference guideline as described in section 6.1 Outcome definition. The green zone 

will show acceptable agreement between methods where the difference is lower than 10% 

for lab-Hgb values under 100 g/L, the yellow zone indicates a significant difference 

between methods that may lead to inappropriate transfusions, and the red zone indicates 

differences between methods that may lead to major errors in transfusion decisions9. 

Furthermore, from error grid analyses, we will be able to generate percentages of 

measurements that are categorized within each zone with 95% confidence intervals9. 

- Three separate error grids will be created, representing all three thresholds described in 

section 6.1 Outcome definition, above.  

Dichotomous agreement 

Transfusion thresholds agreement using Cohen’s kappa statistic: 

- We will determine transfusion thresholds agreement using Cohen’s 𝜅 statistic to evaluate 

the probabilities of agreement beyond chance alone at important Hgb thresholds9,23. To do 

so, we will examine agreement between measurements on the basis of the potential to 

transfuse RBC at different Hgb thresholds for which there is a hypothetical potential for 

transfusion.  

- We will generate Cohen’s 𝜅 statistics with 95% confidence limits at Hgb thresholds of 

<100, <90, <85, <80, <75, and <70 g/L, comparing the proportion of patients that would 
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potentially be transfused at each Hgb value with each measurement method beyond 

chance alone9,22,23.  

- All Cohen’s 𝜅 statistics generated for each threshold will provide us with a value between 

0 (poor agreement) and 1 (perfect agreement)9. 

Individual pairwise comparisons: 

- Individual pairwise comparisons between POCT-Hgb measurements and lab-Hgb results 

will be dichotomized and coded as agreement failure according to three different reference 

standards, as defined in section 6.1 Outcome definition. Descriptive statistics will be used 

to demonstrate agreement failure for each device, using counts and percentages. The 

proportion of agreement failure and 95% confidence intervals will be examined for each 

POCT-Hgb device. Proportions of agreement failure of the various POCT-Hgb devices will 

be compared using a chi-square test of independence to determine whether there is a 

significant difference between the proportions of agreement failure of POCT-Hgb devices.  

Predictive modelling: 

- We will build generalized linear mixed models (GLMM) to examine what clinical 

parameters increase the odds of agreement failure in blood samples having a lab-Hgb 

measurement in the transfusion zone (60-100 g/L). The GLMM framework for 

dichotomous variables will account for the correlation in repeated measurements within a 

participant and will assume a compound symmetry correlation structure.  

- The outcome being examined is agreement failure, described as results from the POCT-

Hgb measurements falling outside of the accepted +/- 4 g/L from the lab-Hgb value, based 

on the IQMH definition6.  

- In total, three predictive models will be built, one model for each POCT-Hgb device will be 

generated to predict overall unacceptable differences ± 4 g/L.  

- Relationships between parameters will be examined in an exploratory data analysis prior 

to starting predictive modelling. This will help examine if there is correlation or collinearity 
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between parameters being considered in the models. We will estimate variance inflation 

factors (VIF) to evaluate the presence of collinearity between variables for each group of 

variables listed below24. Relationships between variables that are particularly important to 

explore for collinearity are: 

o Weight, height, and body mass index 

o Duration of surgery and estimated blood loss 

o Type of surgery and estimated blood loss 

o Type of surgery and type of anesthesia 

o Type of surgery and use of vasopressors or blood loss preventative methods 

o Systolic, diastolic and mean arterial blood pressure 

- Predictors being examined are:  

o Baseline characteristics: age, sex, weight, height, body mass index, smoking 

history, significant alcohol consumption, medical comorbidities, previous 

chemotherapy, previous radiation therapy to the surgical site, pre-operative Hgb 

o Type of surgery 

o ASA score 

o Arterial or venous blood sample 

o Type of anesthesia (general or neuraxial) 

o Patient physiological parameters at the time of blood sampling (temperature, blood 

pressure, mean arterial pressure) 

o Clinical parameters up to blood sampling (duration of surgery, intravenous fluid 

infusion volume, estimated blood loss, use of vasopressors, use of anticoagulants 

or blood preventative methods (e.g., tranexamic acid), intra-operative blood 

transfusion, and ST-segment changes).  

- Predictors will be primarily examined using univariate models and will be considered as 

important confounders if the effect on the outcome is significant at a 20% level (p<0.2).  
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- Clinically important predictors will be kept in the final models even if they are not 

significantly associated with the outcome (p>0.1) in univariate models. Clinically important 

predictors include estimated blood loss, volume of IV fluid infusions, duration of surgery, 

and body temperature at time of POCT.  

- We will explore whether sex is an effect modifier in the models.  

- Final models should include a maximum of 15 predictors, as the sample size was powered 

to fit predictive regression models of this size. In models where the total number of 

outcomes is less than our sample size, there will need to be at least 10 events (failure of 

POCT-Hgb device) per predictor kept in the model to ensure stability of the model25.  

- Discrimination of the predictive model will be assessed using the c-statistic26. 

- Calibration of the predictive model will be assessed using the calibration slope27.  

- The internal validation of the predictive models will be assessed using optimism-corrected 

bootstrap methods26. 

- No adjustment will be made for multiple comparisons. 

 

Subgroup analyses 

- All subgroup analyses will be exploratory. All planned analyses described in this SAP will 

be performed on the whole population and within pre-specified subgroups. Comparisons 

between subgroups will be descriptive only, no statistical analysis will be performed to 

assess whether there are significant differences between groups. Subgroup analyses will 

be performed on the following variables: 

o Lab-Hgb value at POCT timepoint: blood samples with a lab-Hgb <100 g/L versus 

blood samples with a lab-Hgb ³100 g/L 

o Sex 

o Duration of surgery up to POCT, intravenous fluid infusion volume up to POCT, 

estimated blood loss up to POCT, patient temperature at time of POCT: subgroups 
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for each variable will be categorized into different thresholds (e.g., quartiles or 

quintiles) 

o Source of blood sample: arterial versus venous 

 

Sensitivity analyses 

- Sensitivity analyses will be performed to examine the effect of protocol deviations and 

outliers on our results. A sensitivity analysis will be performed to examine whether multiple 

surgeries per patient are correlated or independent. Further sensitivity analyses will be 

performed to examine the effect of missing data on the predictive regression models.  

 

Secondary and tertiary analyses not pertaining to agreement: 

- This statistical analysis plan is designed to analyze the agreement between the individual 

POCT-Hgb devices and the lab-Hgb measurements. Therefore, secondary analyses not 

pertaining to agreement between POCT-Hgb and lab-Hgb, as well as tertiary analyses will 

be described in future statistical analysis plans. These will include data on transfusion and 

postoperative outcomes. 

 

6.3 Missing Data 

 Missing data is expected with all four methods of testing Hgb. In very rare instances, there 

may be missing data for the lab-Hgb value due to a clotted blood sample or an insufficient blood 

sample. As the lab-Hgb value is the reference standard to assess the precision of POCT-Hgb 

devices, any Hgb measurement missing data will be excluded from analysis. Furthermore, during 

the data collection phase of the study, blood samples with missing lab-Hgb values will not be 

considered in the total sample size.  

Missing data for the i-STAT or HemoCue devices should be rare, but might occur in 

instances of device failure (e.g., if the i-STAT cartridge is not filled properly or contains air 
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bubbles), unavailability of the device that was being used in another operating room, or due to an 

insufficient quantity of blood to run all tests. Considering the very rare instance of missing data in 

those devices, they will be excluded from analysis. Therefore, for the analysis of HemoCue and 

i-STAT, the analysis will be done as a complete case analysis28. Sensitivity analyses will be 

performed to evaluate the effect of missing data on the predictive regression models.  

We expect to have more frequent missing data related to our primary outcome for Hgb 

values provided by the RAD-67 device. Two different types of missing data can be considered. 

First, there are instances where there is no access to the patient’s fingers, which is necessary for 

this device. This may occur in emergency situations or when the patient’s arms are tucked in for 

clinical purposes. Second, there are instances when the RAD-67 technology cannot provide a 

Hgb value, due to a low perfusion index in the fingers, which is considered as device failure. 

Imputation techniques will not be used to produce values in blood samples as this is an important 

study outcome. An exploratory analysis will be performed to assess the effect of excluding this 

data from predictive modelling and we will consider creating a dummy variable for the missing 

data when building the regression models for this device. For secondary analyses exploring the 

proportion of agreement failure of this device, missing data will be excluded, therefore providing 

us with the agreement properties of this device in a subset of the population. Further exploratory 

analyses will be performed to evaluate the cases under which data was missing for this device. 

Given that preliminary data indicates that the frequency of missing data of any type from the Rad-

67 is approximately 20%, completely ignoring this data may lead to biased results28.   

In predictive modelling, when missing data from predictors of interest are less than 20%, 

we will impute the missing data using simple imputation. We will not use multiple imputation due 

to the complexity related to bootstrapping and multiple imputation methods. Missing data from 

predictive variables will be considered as missing at random. If missing data is greater than 20%, 

the predictor will not be considered in the predictive models.  
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6.4 Harms 

As this is an observational study, there is no intervention related to this study. As a result, 

no patient harm can result from inclusion in this study. That said, patients will experience adverse 

events related to their operation and/or anesthesia in keeping with their clinical care. Therefore, 

there are no harms expected as a result of this study and adverse events (AE) experienced by 

participants are not related to study-related procedures. However, we will capture AE for 

observational purposes, and they will be reported as secondary outcomes, as defined in section 

6.1.  

 

  



 149 

5.8 REFERENCES 

 1. Pecoraro V, Germagnoli L, Banfi G. Point-of-care testing: Where is the evidence? A 

systematic survey. Clinical Chemistry and Laboratory Medicine. 2014;52(3):313-324. 

doi:10.1515/cclm-2013-0386 

2. Hildyard C, Curry N. Point-of-care testing: a standard of care? Anaesthesia. 

2015;70(10):1113-1118. doi:10.1111/anae.13225 

3. American Society of Anesthesiologists. Practice Guidelines for Perioperative Blood 

Management: An Updated Report by the American Society of Anesthesiologists Task Force on 

Perioperative Blood Management: An Updated Report by the American Society of 

Anesthesiologists Task Force on Perioperative Blood Manajement. Vol 122. Lippincott Williams 

and Wilkins; 2015. doi:10.1097/ALN.0000000000000463 

4. Gamble C, Krishan A, Stocken D, et al. Guidelines for the Content of Statistical Analysis 

Plans in Clinical Trials. JAMA. 2017;318(23):2337-2343. doi:10.1001/jama.2017.18556 

5. Charlson ME, Carrozzino D, Guidi J, Patierno C. Charlson Comorbidity Index: A Critical 

Review of Clinimetric Properties. Psychother Psychosom. 2022;91(1):8-35. 

doi:10.1159/000521288 

6. Johnston A, Bourner G, Martin T, et al. Guidance for quality control practices and precision 

goals for CBCs based on IQMH patterns-of-practice survey. International Journal of Laboratory 

Hematology. 2019;41(1):15-22. doi:10.1111/ijlh.12915 

7. Herman J, Park B, Awsare B, et al. Point-of-care versus central testing of hemoglobin 

during large volume blood transfusion. BMC Anesthesiol. 2019;19(1):240. doi:10.1186/s12871-

019-0916-2 

8. Man J, Zielinski MD, Das D, Wutthisirisart P, Pasupathy KS. Improving non-invasive 

hemoglobin measurement accuracy using nonparametric models. Journal of Biomedical 

Informatics. 2022;126:103975. doi:10.1016/j.jbi.2021.103975 



 150 

9. Morey TE, Gravenstein N, Rice MJ. Let’s Think Clinically Instead of Mathematically About 

Device Accuracy. Anesthesia & Analgesia. 2011;113(1):89-91. 

doi:10.1213/ANE.0b013e318219a290 

10. Rice MJ, Gravenstein N, Morey TE. Noninvasive Hemoglobin Monitoring: How Accurate 

Is Enough? Anesthesia & Analgesia. 2013;117(4):902-907. doi:10.1213/ANE.0b013e31829483fb 

11. Marques NR, Kramer GC, Voigt RB, Salter MG, Kinsky MP. Trending, Accuracy, and 

Precision of Noninvasive Hemoglobin Monitoring During Human Hemorrhage and Fixed 

Crystalloid Bolus. Shock. 2015;44(Supplement 1):45-49. doi:10.1097/SHK.0000000000000310 

12. Macknet MR, Allard M, Applegate RL, Rook J. The Accuracy of Noninvasive and 

Continuous Total Hemoglobin Measurement by Pulse CO-Oximetry in Human Subjects 

Undergoing Hemodilution. Anesthesia & Analgesia. 2010;111(6):1424-1426. 

doi:10.1213/ANE.0b013e3181fc74b9 

13. Whitehead RD, Mei Z, Mapango C, Jefferds MED. Methods and analyzers for hemoglobin 

measurement in clinical laboratories and field settings. Annals of the New York Academy of 

Sciences. 2019;1450(1):147-171. doi:10.1111/nyas.14124 

14. Medicare, Medicaid and CLIA programs; regulations implementing the Clinical Laboratory 

Improvement Amendments of 1988 (CLIA)--HCFA. Final rule with comment period. Federal 

register. 1992;57(40):7002-7186. 

15. Center for Devices and Radiological Health. Clinical Laboratory Improvement 

Amendments (CLIA). FDA. Published online September 13, 2021. Accessed September 20, 

2022. https://www.fda.gov/medical-devices/ivd-regulatory-assistance/clinical-laboratory-

improvement-amendments-clia 

16. Clinical Laboratory Improvement Amendments (CLIA) | CDC. Published August 12, 2022. 

Accessed September 20, 2022. https://www.cdc.gov/clia/index.html 



 151 

17. Bland JM, Altman DG. Agreement Between Methods of Measurement with Multiple 

Observations Per Individual. Journal of Biopharmaceutical Statistics. 2007;17(4):571-582. 

doi:10.1080/10543400701329422 

18. Zou GY. Confidence interval estimation for the Bland-Altman limits of agreement with 

multiple observations per individual. Stat Methods Med Res. 2013;22(6):630-642. 

doi:10.1177/0962280211402548 

19. Olofsen E, Dahan A, Borsboom G, Drummond G. Improvements in the application and 

reporting of advanced Bland-Altman methods of comparison. J Clin Monit Comput. 

2015;29(1):127-139. doi:10.1007/s10877-014-9577-3 

20. Mantha S, Roizen MF, Fleisher LA, Thisted R, Foss J. Comparing Methods of Clinical 

Measurement: Reporting Standards for Bland and Altman Analysis: Anesthesia & Analgesia. 

2000;90(3):593-602. doi:10.1097/00000539-200003000-00018 

21. Monti KL. Folded Empirical Distribution Function Curves-Mountain Plots. The American 

Statistician. 1995;49(4):342-345. doi:10.2307/2684570 

22. Johnson M, Marwick PC, Coetzee JF. Comparison of Hemoglobin Measurements by 3 

Point-of-Care Devices With Standard Laboratory Values and Reliability Regarding Decisions for 

Blood Transfusion. Anesthesia & Analgesia. 2020;131(2):640-649. 

doi:10.1213/ANE.0000000000004533 

23. Rigby AS. Statistical methods in epidemiology. v. Towards an understanding of the kappa 

coefficient. Disability and Rehabilitation. 2000;22(8):339-344. doi:10.1080/096382800296575 

24. García CB, García J, López Martín MM, Salmerón R. Collinearity: revisiting the variance 

inflation factor in ridge regression. Journal of Applied Statistics. 2015;42(3):648-661. 

doi:10.1080/02664763.2014.980789 

25. Peduzzi P, Concato J, Kemper E, Holford TR, Feinstein AR. A simulation study of the 

number of events per variable in logistic regression analysis. Journal of Clinical Epidemiology. 

1996;49(12):1373-1379. doi:10.1016/S0895-4356(96)00236-3 



 152 

26. Austin PC, Steyerberg EW. Events per variable (EPV) and the relative performance of 

different strategies for estimating the out-of-sample validity of logistic regression models. Stat 

Methods Med Res. 2017;26(2):796-808. doi:10.1177/0962280214558972 

27. Steyerberg EW, Vergouwe Y. Towards better clinical prediction models: seven steps for 

development and an ABCD for validation. European Heart Journal. 2014;35(29):1925-1931. 

doi:10.1093/eurheartj/ehu207 

28. Naaktgeboren CA, de Groot JAH, Rutjes AWS, Bossuyt PMM, Reitsma JB, Moons KGM. 

Anticipating missing reference standard data when planning diagnostic accuracy studies. BMJ : 

British Medical Journal (Online). 2016;352:i402. doi:10.1136/bmj.i402 

 

 

  



 153 

CHAPTER 6. INTRAOPERATIVE POINT-OF-CARE HEMOGLOBIN MEASUREMENT 

AND ACCURACY: A REPORT FROM THE PREMISE PROSPECTIVE 

OBSERVATIONAL STUDY 

 

Karine Brousseau1,2, Leah Monette1,2, Daniel McIsaac2,3, Christopher Wherrett2,3, Ranjeeta 

Mallick2, Aklile Workneh1,2, Tim Ramsay2, Alan Tinmouth2,4, Julie Shaw5,6, Justin Presseau2, 

François Martin Carrier7,8, Dean Fergusson2,4, Guillaume Martel1,2* 

 

1Department of Surgery, The Ottawa Hospital, University of Ottawa, Ottawa, ON, Canada  

2Clinical Epidemiology Program, Ottawa Hospital Research Institute, Ottawa, ON, Canada  

3Department of Anesthesiology & Pain Medicine, The Ottawa Hospital, University of Ottawa, 

Ottawa, ON, Canada  

4Department of Medicine, The Ottawa Hospital, University of Ottawa, Ottawa, ON, Canada 

5Eastern Ontario Regional Laboratories Association, Ottawa, ON, Canada 

6Department of Pathology and Laboratory Medicine, University of Ottawa, Ottawa, ON, Canada 

7Département d’anesthésie, Centre Hospitalier de l'Université de Montréal, Université de 

Montréal, Montreal, QC, Canada  

8Division de soins critiques, Département de médecine, Centre Hospitalier de l'Université de 

Montréal, Université de Montréal, Montreal, QC, Canada  

 

AUTHOR CONTRIBUTIONS 

 Dr. Martel is the principal investigator for this study. Drs. Martel, Fergusson, McIsaac, 

Wherrett, Tinmouth, Shaw, Presseau, and Carrier contributed to the design of this study. Dr. 

McIsaac, Mallick, Ramsay, and Carrier provided feedback and recommendations for the statistical 

analyses. Ms. Monette and Ms. Workneh participated in the data collection.  



 154 

PUBLICATION INFORMATION 

This manuscript will be submitted to a peer-reviewed scientific journal at a later date.  

 

6.1 PREFACE TO CHAPTER 6 

Following the elaboration of a detailed protocol and statistical analysis plan, the PREMISE 

study was conducted, and the data collected in the context of this study was analyzed. Findings 

from the statistical analysis of the PREMISE study are presented in this chapter.  

  



 155 

6.2 KEY POINTS 

Question: Are point-of-care testing devices to measure hemoglobin concentrations (POCT-Hgb) 

accurate when used in major non-cardiac surgery? 

Findings: In this observational method comparison study, limits of agreement (LOA) were 

generated to examine the agreement level between POCT-Hgb and laboratory-determined 

hemoglobin measurements. None of the examined POCT-Hgb devices had LOA within the 

acceptable difference of four g/L, as defined by the Institute for Quality Management in 

Healthcare.  

Meaning: While POCT-Hgb devices are interesting for rapid determination of hemoglobin in 

dynamic environments like the operating room, the accuracy of such devices should be taken into 

consideration before using them as sole clinical parameters to inform transfusion decision-

making.   
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6.3 ABSTRACT 

Importance: Point-of-care testing devices to measure hemoglobin concentrations (POCT-Hgb) 

are frequently utilized to inform transfusion decision-making in surgery despite the conflicting 

evidence regarding their accuracy.  

Objective: The aim of this study was to examine the accuracy of three commonly used POCT-

Hgb devices in the operating room: the HemoCue (HemoCue AB, Ängelholm, Sweden), the i-

STAT (Abbott Laboratories, Abbott Park, IL, USA), and the Rad-67 (Masimo, Irvine, CA, USA). A 

particular attention was dedicated to Hgb measurements within 60-100 g/L, with a higher potential 

for transfusions.  

Design, setting, and participants: The PREMISE study is an observational and prospective 

method comparison study. A consecutive convenience sample of patients undergoing major non-

cardiac surgery at a tertiary-care academic hospital and requiring POCT-Hgb measurements 

during pre-defined data collection hours were eligible for this study. The hemoglobin (Hgb) 

concentrations were measured using three POCT-Hgb devices, serving as index tests, and 

compared with a laboratory-determined Hgb concentration (lab-Hgb), considered as the reference 

standard.  

Main outcomes and measures: The main outcome measured was the individual pairwise 

comparisons of Hgb between POCT-Hgb and lab-Hgb. Agreement was determined based on 

differences of ±4 g/L between POCT-Hgb and lab-Hgb measurements. Alternate agreement 

thresholds of ±10 g/L and ±7% g/L were also explored.  

Results: A total of 1735 intraoperative blood samples collected from 1139 participants were 

analyzed using POCT-Hgb devices between March 2021 and July 2022. The primary analysis 

consisted of computing limits of agreement (LOA) adjusted for repeated measurements, with 95% 

confidence intervals, as recommended by Bland & Altman. Main LOA estimates were -15.2 to 9.0 

g/L for i-STAT, -9.6 to 7.5 g/L for HemoCue, and -21.0 to 36.2 g/L for Rad-67. Secondary analyses 
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consisting of error grid analysis, folded empirical distribution function plots, and Cohen’s k 

statistics were also conducted and their findings are reported. 

Conclusions and relevance: Of the three POCT-Hgb devices analyzed, HemoCue appears to 

be the most accurate, with the narrowest LOA estimates falling within the alternate agreement 

threshold of ±10 g/L. Clinicians are encouraged to use prudence when using POCT-Hgb devices 

in surgical patients and to complement transfusion decisions with other pertinent clinical 

parameters.   
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6.4 INTRODUCTION 

Red blood cell (RBC) transfusions are common during surgery and can be life-saving 

interventions.1–3 On the other end of the spectrum, RBC transfusions administered without an 

acceptable clinical indication provide no clinical benefit, carry perioperative risks, and can 

potentially cause harm.4–10 Transfusion decision-making in the operative setting is thus a complex 

and dynamic process11, that is further hampered by limited available evidence and practice 

guidelines for surgical patients.12,13 Not surprisingly, there is widespread evidence of variability in 

intraoperative transfusion practice.14–17 

Previous studies have reported a critical association between hemoglobin (Hgb) or 

hematocrit (Hct) measurement and intraoperative transfusion decision-making.18–20 Practice 

guidelines recommend measuring Hgb/Hct as part of an approach to monitoring for anemia in 

surgery12 and suggest that RBC transfusions are rarely indicated with hemoglobin levels greater 

than 100 g/L.21 While Hgb concentrations were traditionally measured using a blood sample sent 

to a central laboratory (lab-Hgb), point-of-care testing devices measuring Hgb (POCT-Hgb) are 

now most commonly used in the operating room environment, owing to ease of use and rapid 

results delivery of a few seconds to a few minutes.  

There is currently limited evidence on the accuracy of POCT-Hgb devices in the 

intraoperative setting, where Hgb concentrations have the potential to change drastically and 

rapidly.22 Most studies examining the accuracy of POCT-Hgb devices were conducted on small 

sample sizes and specific surgical populations with conflicting conclusions, and paucity of data 

has specifically been highlighted at Hgb concentrations of 60-100 g/L where RBC transfusions 

are most probable.18,23–34 Despite this knowledge gap, POCT-Hgb devices are often relied upon 

to inform transfusion decisions given their rapidity in providing Hgb measurements.35 

In this context, the primary objective of this study was to fill the abovementioned 

knowledge gaps by determining the accuracy of three commonly-used intraoperative POCT-Hgb 
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instruments in non-cardiac surgery, more specifically within the range of Hgb of 60-100 g/L. The 

accuracy of POCT-Hgb measurements within the full Hgb range was also examined as a 

secondary objective.  
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6.5 METHODS AND ANALYSIS 

Study design and participants 

This was a prospective observational method comparison study conducted at a tertiary-

care academic hospital between March 2021 and July 2022. Briefly, all intraoperative POCT blood 

draws for clinical purposes were concurrently submitted for central laboratory analysis, as well as 

analysis using the other two POCT devices. The first POCT result was used by the requesting 

anesthesiologist for clinical purposes, while all other results were research/observational data and 

were not shared with the clinical team. The study protocol was accepted for publication and is 

currently in press. Ethical and institutional approval was obtained (OHSN-REB 20200731-01H).  

Study results are reported following STARD 2015 guidelines36, and reporting standards for Bland-

Altman agreement analyses.37 A STARD checklist is presented in Appendix 1.  

 The study population consisted of consecutive patients undergoing major non-cardiac 

surgery during specific recruitment hours. All adult surgical patients requiring intraoperative blood 

analysis using a POCT-Hgb device were considered for enrolment. Patients were excluded if they 

were undergoing cardiac or obstetrical surgery, if they did not have general or neuraxial 

anesthesia, if they did not have an arterial or a central venous catheter, or if POCT-Hgb analysis 

was performed outside of recruitment hours (Monday-Friday, 10 AM to 7 PM). Repeated 

measurements during an operation were allowable. 

 

Test methods 

 Index tests: Three POCT-Hgb devices were examined, including HemoCue (HemoCue 

AB, Ängelholm, Sweden), i-STAT (Abbott Laboratories, Abbott Park, IL, USA), and Rad-

67(Masimo, Irvine, CA, USA). Approximately three mL of whole blood was drawn from the arterial 

or central venous catheter for use with HemoCue and i-STAT. Rad-67 measured Hgb 

concentrations using a non-invasive finger sensor. All index tests were conducted within five 
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minutes of the blood draw. The manufacturers’ instructions on handling, training, storage, 

calibration, and quality control, as well as institutional policies were followed for each device.  

Reference standard: The remaining whole blood sample was collected using an 

ethylenediaminetetraacetic acid (EDTA) vacuum collection tube and processed by trained staff 

from the central laboratory with a Sysmex XE-2100 analyzer (Sysmex Corporation, Kobe, Japan), 

using the standard hemglobincyanide method. Laboratory staff did not have access to the POCT-

Hgb results. The lab-Hgb value was considered the reference standard, being the closest to the 

true value of Hgb per current standards.   

The individual differences between POCT-Hgb and lab-Hgb measurements were used to 

examine agreement. The Institute for Quality Management in Healthcare (IQMH) definition was 

used, namely an allowable difference of ±4 g/L from lab-Hgb values under 100 g/L and of ±5% 

for lab-Hgb values ³100 g/L.38 Although the IQMH definition represents the laboratory standard 

in Canada, additional agreement thresholds of ±10 g/L and of ±7% were also examined in 

sensitivity analyses, as these have been respectively used in the literature39–44 or recommended 

in guidelines by the Clinical Laboratory Improvement Amendments.44–48 

 

Statistical analysis 

 Statistical analysis was performed using SAS 9.4 (SAS Institute, Cary, NC, USA) following 

a statistical analysis plan submitted for publication with the study protocol. The primary analysis 

consisted of examining continuous agreement of individual pairwise comparisons for each POCT-

Hgb device using the limits of agreement (LOA) method adjusted for repeated measurements, 

with 95% confidence intervals (95%CI) around each LOA estimate.49–51 Adjustment for repeated 

measurements was done following the method where the true value varies49, given that Hgb 

measurements can vary drastically within a surgery. Therefore, when computing LOA estimates, 

the standard deviation of the differences between methods was adjusted to account for the within-
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subject variance and the between-subject variance, using the mean square error and the mean 

square for subjects.49 

Visual examination of the pairwise comparisons were done using plots to ensure that 

assumptions about the distribution of the data were met for the LOA analysis.49 Assumptions 

checked included that the distribution of the differences between methods were normally 

distributed, that the agreement was similar over the range of agreement as well as over time, and 

that there were no relationship between the variability of the differences within each subject and 

the magnitude of the Hgb measurements.49 Sensitivity analyses were conducted to examine the 

influence of outliers, repeated measurements, and protocol deviations on the LOA estimates. 

Subgroup analyses were conducted to examine the effect of sex on LOA estimates. Bland-Altman 

plots of the difference between POCT-Hgb and lab-Hgb measurements against the lab-Hgb 

measurement were generated.49,50 While it is recommended to use the average of the two 

measurements for the x-axis to account for possible variability in the reference test when the true 

value is unknown50,52, it was decided to use lab-Hgb on the x-axis given that it is widely accepted 

as the gold standard.53 Folded empirical distribution function curves were also plotted, as a non-

parametric method for complementary visualization of the distribution of the differences.24,54 

 Error grid analysis was conducted as a secondary analysis of continuous agreement.39,55 

The results of each POCT-Hgb device was plotted against the lab-Hgb measurement on a grid 

consisting of three different zones representing low (green), moderate (yellow), and high (red) 

risks for potentially clinically-relevant transfusion errors.39 A modification to the grid suggested by 

Morey et al. was done to adjust the narrow band around the unity line within lab-Hgb values of 

60-100 g/L to allow a difference of ±4 g/L38 instead of ±10%.39 The rates of pairs of measurements 

falling within each zone were computed.  

 Crude rates of disagreement in individual pairwise comparisons as a dichotomous 

outcome were generated, following the three different agreement thresholds described above. 
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Nine-five percent CI were generated to test the null hypothesis of equality of proportions, adjusted 

for repeated measurements, using the Wilson interval method with continuity correction.56 

 Cohen’s kappa coefficients with 95% CI were computed to further analyze the pairwise 

comparisons as a dichotomous outcome. Hgb thresholds were chosen to create hypothetical 

transfusion thresholds and examine the probabilities of agreement between POCT-Hgb and lab-

Hgb based on the potential to transfuse at various Hgb thresholds beyond chance alone.39,57,58 

The strength of agreement was determined using the ranges of agreement defined by Landis and 

Koch.57,58 

 Indeterminate index tests or reference tests were considered as missing data. Missing 

lab-Hgb measurements (i.e., reference standard) were completely excluded from analysis. 

Indeterminate POCT-Hgb measurements (i.e., index tests) were removed from the analysis for 

that specific POCT-Hgb device, whereas other POCT-Hgb measurements for that same blood 

sample were included for analysis.  

 The sample size was 1750 individual Hgb measurements which was expected to yield at 

least 652 Hgb measurements with a lab-Hgb <100 g/L, as preliminary data revealed that 

approximately 38% of POCT-Hgb blood samples in the operative setting had a lab-Hgb 

measurement <100 g/L (unpublished data). The sample size of 652 Hgb measurements was 

determined to be needed to fit a stable predictive logistic regression model with up to 15 

independent predictors, assuming a c-statistic of 0.75, a prevalence of 0.5 (i.e. approximately 

50% of POCT-Hgb obtained with i-STAT would fall outside of the acceptable difference of ±4 

g/L38), based on methods by Riley et al.59 The predictive model will be presented as a standalone 

publication.  

  



 164 

6.6 RESULTS 

Participants 

 A total of 1135 participants undergoing surgery met inclusion criteria and were included in 

the study, with 1735 individual Hgb measurements collected. Enrolment was thus considered 

complete as 680 individual Hgb measurements were collected with a lab-Hgb value <100 g/L. A 

flow diagram of participants and individual Hgb measurements can be found in Appendix 2 (Figure 

3). A total of 732 participants had a single measurement done, whereas 994 participants had 

multiple measurements done during surgery, ranging from two to nine measurements each. Nine 

Hgb (0.5%) measurements were excluded from analysis due to missing lab-Hgb results, providing 

a final sample of 1726 individual Hgb measurements for analysis ranging from 49 to 167 g/L. After 

accounting for missing data, 1711 (99.1%), 1725 (99.9%), and 1312 (76.0%) POCT-Hgb 

measurements from i-STAT, HemoCue, and Rad-67, respectively, were included for analysis. 

Baseline patient characteristics and intraoperative characteristics are shown in Table 1, with 

descriptive statistics computed at the individual participant level (n=1135). No adverse event 

resulted from performing the index tests or reference standard. 

 

Test results 

 The LOA and 95% CI obtained for each POCT-Hgb device are presented in Table 2 for 

the full population and for those at a higher risk of blood transfusions (lab-Hgb <100 g/L). Visual 

representations of the LOA results using Bland-Altman plots are presented in Figure 1. Mean 

differences were slightly negative for HemoCue and i-STAT, those POCT-Hgb devices yielding 

slightly lower Hgb measurements than the lab-Hgb on average, whereas Rad-67 provided higher 

Hgb measurements than the lab-Hgb, on average, with a slightly higher mean difference within 

the population of lab-Hgb<100 g/L. 

For all three POCT devices, none of the LOA estimates were within the allowable 

difference of ±4 g/L. When considering other agreement thresholds, HemoCue demonstrated LOA 
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estimates that were within ±10 g/L from lab-Hgb for both the full populations and those with lab-

Hgb <100g/L. HemoCue has the narrowest LOA estimates and Rad-67 has the widest LOA 

estimates of the three POCT-Hgb devices, within both populations.  

For Rad-67, the width of LOA estimates was similar for both study populations. However, 

in those lab-Hgb measurements <100 g/L, LOA estimates were slightly more positive, given the 

associated increased positive bias in Hgb measurements. None of the LOA estimates for i-STAT 

and Rad-67 fell within the pre-determined agreement thresholds. Sensitivity analyses examining 

the influence of repeated measurements and protocol deviations did not change the conclusions 

of agreement obtained for each device, within both populations (data not shown). Results of the 

sensitivity analysis examining outliers are presented in Appendix 2 (Table 4).  

Folded empirical distribution function curves are presented in Appendix 2 (Figure 4), 

providing a non-parametric distribution of 95% of the differences for each device. The findings 

from this figure are similar to those drawn from the LOA analysis.  

Unadjusted disagreement rates between each POCT-Hgb device and lab-Hgb, based on 

the three pre-determined agreement thresholds, are presented for the full population and for the 

population at highest risk of blood transfusions (lab-Hgb <100 g/L) in Figure 3. HemoCue had the 

lowest unadjusted disagreement rates when compared to i-STAT and Rad-67, for all populations, 

and for all agreement thresholds. Disagreement rates were similar for i-STAT based on the 

agreement threshold of ±10 g/L and for HemoCue using the IQMH definition, within all 

populations. Disagreement rates for Rad-67 were all higher than 50%, using the IQMH definition 

and an agreement threshold of ±7%, whereby more than half of Rad-67 measurements disagreed 

with the lab-Hgb results for all populations. Using an agreement threshold of ±10%, the null 

hypothesis of equality of proportions could not be rejected within the full population for Rad-67.  

 Error grid analyses were done for each POCT-Hgb device. The proportion of observations 

within each risk zone is reported in Figure 2, for the full population and for lab-Hgb values <100 
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g/L. Zones B1 represent the potential for under-transfusion, whereby the POCT-Hgb device 

provides unacceptably high Hgb values when compared with the lab-Hgb measurement, and 

zones B2 represents the potential for over-transfusion. HemoCue had the highest proportion of 

observations within the green zone (Zone A), and Rad-67 had the lowest proportion of 

observations in that zone. Of note, HemoCue was the only POCT-Hgb device with an observation 

within the red zone, the zone with the highest risk of clinically-significant transfusion error. There 

was a higher potential for under-transfusion than over-transfusion with Hemocue and i-STAT, 

whereas the potential for under-transfusion was higher with Rad-67.  

 Finally, Cohen’s kappa statistics were computed and are presented in Appendix 2 (Table 

5). These provide an estimate of the proportion of agreement between POCT-Hgb and lab-Hgb 

measurements, assuming different triggers to initiate RBC transfusion, after accounting for the 

probability of agreement by chance alone. HemoCue showed the best agreement beyond chance 

alone, with kappa statistics that can be classified as substantial to almost perfect agreement. i-

STAT had kappa statistics slightly lower than HemoCue, classified as moderate to substantial 

agreement, whereas Rad-67 had the lowest kappa statistics, with results classified as fair to 

moderate agreement.  
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6.7 DISCUSSION 

 The PREMISE prospective observational method comparison study has successfully 

examined 1726 blood samples collected in the operating room over 17 months, encompassing a 

broad range of elective and urgent operations. The principal analyses presented in this work have 

demonstrated that none of the three POCT-Hgb devices under study can be considered 

interchangeable with central laboratory Hgb measurements, based on the IQMH definition.38 Of 

the three POCT-Hgb devices under investigation, HemoCue was most accurate, whereby 95% of 

its measurements were within ±10 g/L from the lab-Hgb measurement, this being an alternate 

agreement threshold used in the literature. On the other hand, LOA estimates for i-STAT and Rad-

67 did not land within any of the three pre-specified agreement thresholds.  

 Although it is advisable to keep outlier data points within LOA analyses, it is also 

recommended to examine their effect on LOA estimates.2 Despite the POCT-Hgb result being 

very different from lab-Hgb measurement among outliers, those POCT-Hgb measurements were 

still within plausible ranges of Hgb. Thus, such Hgb measurements could have been used by 

clinicians for potential transfusion decision-making, as clinicians are ultimately not aware of the 

lab-Hgb when using POCT devices in the operating room. Despite the noted differences in LOA 

estimates when removing outliers, the conclusion about interchangeability of devices is not 

affected by this observation. Therefore, it was decided to maintain those observations within the 

analysis.  

The current work is consistent with previous findings in the literature, such that HemoCue 

was found to be generally more accurate than pulse co-oximetry devices.60,61 However, the 

current study provided more accurate point estimates of the LOA given its large sample size of 

1135 individual participants and 1726 pairwise comparisons, compared to previous studies with 

relatively small sample sizes and rarely including repeated measurements.60,61 Moreover, this 

study focused primarily on the range of Hgb with a higher risk for transfusions (Hgb <100 g/L), as 

opposed to previous studies, which aligns with the important knowledge gap and specifically 
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called for large adequately powered studies to address this question, as highlighted by previous 

authors.24,39,40 

The Rad-67 device was chosen as a pulse co-oximetry device for examination of accuracy 

for its ability to provide spot-check estimates of Hgb concentrations to be comparable with the 

HemoCue and i-STAT. To our knowledge, this study is the first to examine the accuracy of the 

Rad-67 within the operating room, with previous studies on this device was on postpartum 

women62 and in a preoperative context.63 In the intraoperative setting, previous authors have 

instead examined the accuracy of the Radical-7 (Masimo, Irvine, CA), a non-invasive pulse co-

oximetry POCT-Hgb device that provides a continuous reading of Hgb, with conflicting 

conclusions, and of the Pronto-7 (Masimo, Irvine, CA), an alternate pulse co-oximetry device that 

provides intermittent readings of Hgb.61 Some of the studies also evaluated the trends in Hgb 

readings and has shown that the device performs well in monitoring and detecting trends in Hgb, 

which has been argued to be as important as accurate Hgb measurements.64,65  

One of the primary strengths of this study is its large sample size, which provides more 

precise point estimates, as evidenced by the narrow 95% CI associated with these analyses.66 

Perhaps most importantly, this study is unique as it addresses the knowledge gap24,39,40 pertaining 

to POCT-Hgb accuracy within Hgb zone of 60-100 g/L where RBC transfusion is most probable. 

Second, the inclusion of robust statistical methods to account for repeated measures when 

multiple POCT-Hgb measurements were done within an operation is an important element of this 

work.49,50,67 Third, multiple statistical methods were used to examine the outcomes, all of which 

were complementary and supported the identification of patterns in Hgb measurements 

differences. Finally, this study was designed to be pragmatic, inclusive, and non-interventional so 

as to have no influence on concurrent clinical care. This strategy made it possible to enroll most 

eligible participants, thus increasing generalizability. 

This study has several limitations. First, data points are missing in about one quarter of 

Rad-67 measurements, which is unlikely to be random. Indeed, these were missing because no 
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finger was available during surgery, or because the device failed to register a Hgb measurement 

due to low peripheral perfusion. Given that Hgb measurement was the main study outcome, 

statistical techniques for data imputation were not used. Second, study hours were designed to 

capture as most POCT-Hgb utilizations, but many measurements were done outside of study 

hours. Although it is possible that certain types of patients may be more likely to have surgery 

after hours or on weekends (e.g., penetrating trauma patients), this is unlikely to have significantly 

affected results as the study captured a large proportion of various emergency cases. Third, only 

three types of POCT devices were studied. These were chosen as they represent the commonest 

devices in the North American setting and due to their availability and/affordability within the study 

budget. Table-top blood gas analyzers are also frequently used in operating rooms, with little 

published accuracy data.60 This is unfortunately a limitation of this work. Finally, although the lab-

Hgb results obtained from a central laboratory are generally considered a gold standard by 

clinicians, it is noteworthy that these are not perfect measures of Hgb as some measurement 

error is acceptable under IQMH standards.38 This error increases the potential for measurement 

bias, a type of information bias.68 

 In conclusion, this study has shown that a wide range of Hgb measurements can be 

obtained from POCT-Hgb devices, sometimes being considerably different than lab-Hgb. 

Therefore, none of the three studied POCT-Hgb devices can be considered interchangeable with 

lab-Hgb under IQMH standards.38 Under conditions of higher risks of transfusion (Hgb <100 g/L), 

pulse co-oxymetry was significantly less accurate when compared with other POCT-Hgb devices.  
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6.8 OTHER INFORMATION 

Registration number 

This study was not registered in a public registry, due to its observational nature. This 

study was approved by the Ottawa Health Science Network – Research Ethics Board (OHSN-

REB 20200731-01H). 
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 The study protocol was accepted for publication in BMJ Open and is currently in press.  
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6.10 TABLES 

Table 1. Baseline patient characteristics. 

 Count (%) / Mean (SD) 
(n=1135) 

Baseline patient characteristics 
Age (years) 64 (15)a 

Female Sex 489 (43.1) 
Body mass index (kg/m2) (n=1108) 28.3 (7.2)a 

Preoperative hemoglobin (g/L) (n=1111) 120.7 (23.5)a 

Charlson Comorbidity Index (CCI)  2 (1-4)b 

Localized solid tumor 467 (41.2) 
Peripheral vascular disease 238 (21.0) 
Myocardial infarction 231 (20.4) 
Uncomplicated diabetes mellitus 228 (20.1) 
CCI score of 0 155 (13.7) 

Preoperative chemotherapy 156 (13.8) 
Preoperative radiation treatment 95 (8.4) 
Type of surgery  

General surgery 229 (20.2) 
Vascular surgery 228 (20.1) 
Orthopedic surgery 226 (19.9) 
Neurosurgery 198 (17.4) 
Otherc 254 (22.4) 

Priority of surgery  
Elective 678 (59.7) 
Urgent (i.e., non-elective) 457 (40.3) 

Intraoperative characteristics 
Anesthesia type  

General anesthesia 891 (78.5) 
Neuraxial anesthesia 27 (2.4) 
General and neuraxial anesthesia 212 (18.7) 

Estimated blood loss (mL) (n=1086) 550 (300-1000)b 

Crystalloid infusion (mL) (n=1091) 2687.5 (1900-3545)b 

Intraoperative RBC transfusion 346 (30.5) 
Cell salvage 75 (6.6) 
Medication use  

Intravenous heparin 249 (21.9) 
Prophylactic (subcutaneous) heparin 199 (17.6) 
Tranexamic acid 612 (53.9)d 
Protamine 203 (17.9) 

Vasopressor use 1069 (94.2) 
Phenylephrine 913 (80.4) 
Ephedrine 565 (49.8) 
Norepinephrine 324 (28.6) 
Othere 96 (8.5) 
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Abbreviations: ASA, American Society of Anesthesiologists; BMI, Body Mass Index; NA, Not applicable; 
SD, Standard deviation.  
Data for each variable are complete unless otherwise indicated. 
a Mean and standard deviation presented for continuous measurements. 
b Median and inter-quartile range presented for continuous measurements. 
c Other types of surgery include urology (9.4%), thoracic surgery (6.2%), ears, nose, and throat (ENT) 
surgery (3.0%), plastic surgery (2.0%), non-obstetrical gynecology (1.8%).  
d Of those having received TXA, 69 (11.3%) participants were co-enrolled in a blinded RCT with a 1:1 
allocation of TXA versus placebo. Of those, approximately 50% should have received TXA. The study 
allocation was still blinded at the time of analysis.  
e The numbers of each individual vasopressors do not add up to the group total as patients may have 
received more than one type of vasopressor during surgery.  
f Other vasopressors used included vasopressin (4.6%), epinephrine (2.6%), and milrinone (1.2%).  
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Table 2. Limits of agreement adjusted for repeated measurements between POCT-Hgb devices 
and lab-Hgb for the full population and for samples with a lab-Hgb <100 g/L. 
 

POCT-Hgb 
device 

Mean difference 
(g/L) 

Lower limit (95% CI) 
(g/L) 

Upper limit (95% CI) 
(g/L) 

Full population 

HemoCue 
(n=1725) -1.1 -9.6 (-10.0, -9.2) 7.5 (7.1, 7.8) 

i-STAT  
(n=1711) -3.1 -15.2 (-15.8, -14.7) 9.0 (8.4, 9.5) 

Rad-67 
(n=1312) 7.6 -21.0 (-22.5, -19.5) 36.2 (34.7, 37.7) 

Lab-Hgb < 100 g/L (higher potential for RBC transfusions) 

HemoCue 
(n=680) -0.8 -9.5 (-10.1, -8.9) 8.0 (7.3, 8.6) 

i-STAT 
(n=671) -2.4 -16.2 (-17.2, -15.2) 11.5 (10.5, 12.5) 

Rad-67 
(n=490) 12.9 -14.7 (-17.0, -12.4) 40.5 (38.2, 42.8) 

Abbreviations: CI, Confidence interval; Lab-Hgb, laboratory-determined hemoglobin; POCT-Hgb, Point-of-
care testing of hemoglobin; RBC, Red blood cell.   
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Table 3. Crude rates of disagreement between POCT-Hgb devices and lab-Hgb (gold standard), 
based on three different agreement thresholds. 
 

POCT-Hgb 
device 

Full population 
(n=1726) 

Lab-Hgb <100 g/L 
(n=680) 

n % (95% CI)a n % (95% CI) 

Disagreement threshold: ± 4 g/L when lab-Hgb <100 g/L and ± 5% g/L when lab-Hgb ³100 g/L 

HemoCue 1725 11.9 (10.5, 13.6) 680 12.8 (10.4, 15.6) 
i-STAT 1711 40.9 (38.6, 43.3) 671 51.3 (47.4, 55.1)b 
Rad-67 1312 72.7 (70.2, 75.1) 490 81.8 (78.1, 85.1) 

Disagreement threshold: ± 7% g/L 

HemoCue 1725 5.0 (4.0, 6.2) 680 6.3 (4.7, 8.5) 
i-STAT 1711 26.6 (24.5, 28.8) 671 35.2 (31.6, 38.9) 
Rad-67 1312 63.3 (60.7, 65.9) 490 76.5 (72.5, 80.2) 

Disagreement threshold: ± 10 g/L 

HemoCue 1725 2.0 (1.4, 2.8) 680 2.4 (1.4, 3.9) 
i-STAT 1711 10.6 (9.2, 12.2) 671 11.0 (8.8, 13.7) 
Rad-67 1312 51.9 (49.2, 54.6) 490 60.6 (56.1, 64.9) 

Abbreviations: CI, Confidence interval; Lab-Hgb, laboratory-determined hemoglobin; POCT-Hgb, Point-of-
care testing of hemoglobin. 
a 95% confidence intervals were calculated using the Wilson score method with a continuity correction to 
adjust for the correlated nature of the repeated measurements.   
b 95% CI results that are in bold characters are statistically not significant; we cannot reject the null 
hypothesis that the probability of disagreement is 0.5.   
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6.11 FIGURES 
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Figure 1. Limits of agreement plots for the full population and for the measurements with a 
higher potential for transfusions (lab-Hgb <100 g/L). Lab-Hgb, Laboratory-determined hemoglobin; 
LOA-L, Lower limit of agreement; LOA-U, Upper limit of agreement; MD, Mean difference; POCT-
Hgb, Point-of-care testing of hemoglobin; RBC, Red blood cell. 
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Figure 2. Error grid analyses. POCT-Hgb, Point-of-care testing of hemoglobin; lab-Hgb, 
laboratory-determined hemoglobin.  
Zone A (green) represents low risk for potential transfusion errors, Zones B1 and B2 (yellow) represents 
moderate risk for potential transfusion errors, and Zone C (red) represents high risk for potential 
transfusion errors.  
*The first and second percentages represent the proportion of measurements within a given zone for the 
full population and for measurements with a lab-Hgb<100 g/L, respectively. 
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6.12 APPENDIX 1. STANDARDS FOR REPORTING DIAGNOSTIC ACCURACY STUDIES 

(STARD) CHECKLIST 

 Section & Topic No Item Reported on page 
# 

     

 TITLE OR 
ABSTRACT 

   

  1 Identification as a study of diagnostic accuracy using at least one measure of 
accuracy 
(such as sensitivity, specificity, predictive values, or AUC) 

NA 

 ABSTRACT    
  2 Structured summary of study design, methods, results, and conclusions  

(for specific guidance, see STARD for Abstracts) 
164, 165 

 INTRODUCTION    
  3 Scientific and clinical background, including the intended use and clinical role of the 

index test 
166 

  4 Study objectives and hypotheses 166, 167 
 METHODS    
 Study design 5 Whether data collection was planned before the index test and reference standard  

were performed (prospective study) or after (retrospective study) 
168 

 Participants 6 Eligibility criteria  168 
  7 On what basis potentially eligible participants were identified  

(such as symptoms, results from previous tests, inclusion in registry) 
168 

  8 Where and when potentially eligible participants were identified (setting, location 
and dates) 

168 

  9 Whether participants formed a consecutive, random or convenience series 168 
 Test methods 10a Index test, in sufficient detail to allow replication 168, 169 
  10b Reference standard, in sufficient detail to allow replication 169 
  11 Rationale for choosing the reference standard (if alternatives exist) 169 
  12a Definition of and rationale for test positivity cut-offs or result categories  

of the index test, distinguishing pre-specified from exploratory 
169 

  12b Definition of and rationale for test positivity cut-offs or result categories  
of the reference standard, distinguishing pre-specified from exploratory 

169 

  13a Whether clinical information and reference standard results were available  
to the performers/readers of the index test 

168, 169 

  13b Whether clinical information and index test results were available  
to the assessors of the reference standard 

168, 169 

 Analysis 14 Methods for estimating or comparing measures of diagnostic accuracy 169-171 
  15 How indeterminate index test or reference standard results were handled 171 
  16 How missing data on the index test and reference standard were handled 171 
  17 Any analyses of variability in diagnostic accuracy, distinguishing pre-specified from 

exploratory 
169 

  18 Intended sample size and how it was determined 171 
 RESULTS    
 Participants 19 Flow of participants, using a diagram Figure 1 
  20 Baseline demographic and clinical characteristics of participants 172, Table 1 and 2 
  21a Distribution of severity of disease in those with the target condition NA 
  21b Distribution of alternative diagnoses in those without the target condition NA 
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  22 Time interval and any clinical interventions between index test and reference 
standard 

NA 

 Test results 23 Cross tabulation of the index test results (or their distribution)  
by the results of the reference standard 

NA / Table 3 

  24 Estimates of diagnostic accuracy and their precision (such as 95% confidence 
intervals) 

172, 173, Table 2 

  25 Any adverse events from performing the index test or the reference standard 172 
 DISCUSSION    
  26 Study limitations, including sources of potential bias, statistical uncertainty, and 

generalisability 
176, 177 

  27 Implications for practice, including the intended use and clinical role of the index test 177 
 OTHER 

INFORMATION 
   

  28 Registration number and name of registry 178 
  29 Where the full study protocol can be accessed 178 
  30 Sources of funding and other support; role of funders 178 
     

Abbreviation: NA, Not applicable.   
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6.13 APPENDIX 2. SUPPLEMENTARY TABLES AND FIGURES 

 
Figure 3. Flow of participants. Hgb, Hemoglobin; Lab-Hgb, Laboratory-determined hemoglobin; 
POCT-Hgb, Point-of-care testing of hemoglobin; RA, Research assistant.  
Agreement and disagreement incidence for each POCT-Hgb device are based on the Institute 
for Quality Management in Healthcare (IQMH) definition.  
 
 
  

Individual blood samples analyzed by POCT-Hgb devices during study hours (n=2092)

Excluded – Did not meet inclusion criteria (n=357):
- RA not informed of POCT-Hgb analysis (n=262)
- No arterial or central line (n=81)
- Not enough whole blood drawn (n=8)
- Obstetrical surgery (n=6)

Participants included for analysis (n=1135) 
Individual blood samples (i.e., unit of analysis) included for analysis (n=1726)

i-STAT (n=1711) HemoCue (n=1725) Rad-67 (n=1312)

Excluded:
- i-STAT cartridge 
failure (n=9)
- i-STAT unable to read 
Hgb results (n=6)

Excluded:
- HemoCue not 
performed (n=1)
- HemoCue unable to 
read Hgb results (n=0)

Excluded:
- RA unable to access 
fingers (n=212)
- Rad-67 unable to read 
Hgb results (n=202)

Agreement (n=1011)

Disagreement (n=700)

Agreement (n=1519)

Disagreement (n=206)

Agreement (n=358)

Disagreement (n=954)

Participants meeting inclusion criteria (n=1139) 
Individual blood samples meeting inclusion criteria (n=1735)

Excluded – Missing reference standard result:
- Lab-Hgb results not available (i.e., blood clotted or insufficient) (n=9)
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Table 4. Limits of agreement estimates when outliers are removed from analysis. 
 n outliers 

removed 

Mean 
bias 
(g/L) 

Lower 
limit 
(g/L) 

95% CI of 
the lower 

limit 

Upper 
limit 
(g/L) 

95% CI of 
the lower 

limit 
Full population 
i-STAT 
(n=1708) 3 -3.2 -14.6 -15.1, -14.0 8.1 7.6, 8.6 

HemoCue 
(n=1721) 4 -1.0 -8.5 -8.8, -8.1 6.4 6.0, 6.7 

Rad-67 
(n=1308) 4 7.6 -20.2 -21.7, -18.7 35.4 33.9, 36.8 

Higher potential for transfusions (lab-Hgb <100 g/L) 
i-STAT 
(n=668) 3 -2.6 -14.7 -15.6, -13.8 9.6 8.7, 10.5 

HemoCue 
(n=675) 5 -0.7 -7.5 -8.0, -7.0 6.2 5.7, 6.7 

Rad-67 
(n=486) 4 12.8 -13.1 -15.3, -10.9 38.8 36.6, 40.9 

Abbreviations: CI, confidence intervals; Lab-Hgb, Laboratory-determined hemoglobin; RBC, 
Red blood cells. 
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3a Full 
population 

 
 

3b Lab-Hgb 
<100 g/L  

Figure 4. Mountain plots for the full population and for the transfusion zone (lab-Hgb <100 g/L). 
Lab-Hgb, Laboratory-determined hemoglobin; POCT-Hgb, Point-of-care testing of hemoglobin.  
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Table 5. Cohen’s k statistic results 

Agreement 
threshold  

Cohen’s ka (95% CI) 
(n=1725) 

Cohen’s k (95% CI) 
(n=1711) 

Cohen’s k (95% CI) 
(n=1312) 

 HemoCue i-STAT Rad-67 
<100 g/L  0.88 (0.86, 0.90) 0.74 (0.71, 0.78) 0.47 (0.42, 0.52) 
<90 g/L  0.85 (0.82, 0.88) 0.72 (0.68, 0.76) 0.34 (0.28, 0.40) 
<85 g/L  0.84 (0.80, 0.87) 0.72 (0.67, 0.77) 0.34 (0.26, 0.42) 
<80 g/L  0.83 (0.78, 0.88) 0.65 (0.59, 0.71) 0.34 (0.23, 0.45) 
<75 g/L  0.77 (0.68, 0.86) 0.63 (0.54, 0.72) 0.33 (0.18, 0.48) 
<70 g/L  0.84 (0.73, 0.94) 0.53 (0.41, 0.66) 0.38 (0.14, 0.62) 

Abbreviations: CI, confidence interval.  
aKappa statistic <0.00 represents poor agreement, within a range of 0.00 to 2.00 is slight 
agreement, 0.21 to 0.40 is fair agreement, 0.41 to 0.60 is moderate agreement, 0.61 to 0.80 is 
substantial agreement, and 0.81 to 1.00 is almost perfect agreement.57,58 
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CHAPTER 7. INTEGRATED DISCUSSION 

 

This thesis was primarily focussed on identifying and understanding strategies to inform 

the analysis of method comparison studies that include repeated measurements. The following 

chapter presents an integrated discussion encompassing the major themes explored in the 

context of this thesis along, with the main findings arising from the articles composing this thesis.1 

For this, I will start by summarizing the main findings of each article presented in this thesis, 

followed by a critical review of the themes raised by all manuscripts. Finally, I will outline the 

strengths and limitations of this thesis, along with the implications for practice and future directions 

arising from this work.  

The overarching objective of this thesis was to identify best practices related to the 

analysis of method comparison studies that included repeated measurements to inform the 

statistical analysis of the PREMISE study prior to initiating its analysis. Concurrently, some 

objectives of this thesis were motivated by enhancing my learning experience in epidemiological 

methods and increasing my exposure to various research and statistical methods.  

Chapters 2 and 3 were dedicated to the scoping review, the first study used for the 

elaboration of this thesis. The protocol for the scoping review is presented in Chapter 2, and the 

manuscript reporting the findings of the scoping review is presented in Chapter 3. In the context 

of this scoping review, the available literature was systematically searched to identified statistical 

methods that may be used to inform the analysis of method comparison studies as alternatives 

to the limits of agreement (LOA) method adjusted for repeated measurements2. The identified 

statistical methods were then summarized and compared to the LOA method, both quantitatively 

and qualitatively. The identified statistical methods were further grouped in a way that is logical 

and that will help researchers identify robust statistical methods for the analysis of their own 

method comparison studies.  
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Chapters 4 to 6 were dedicated to the PREMISE study. In Chapter 4, the protocol for the 

PREMISE study is presented to describe the background and methods associated with this study. 

In Chapter 5, the statistical analysis plan (SAP) is presented, which complements the PREMISE 

protocol. Finally, the findings from the analysis of the outcomes pertaining to agreement between 

POCT-Hgb and lab-Hgb are presented in Chapter 6. Findings from this study provide useful 

information on the accuracy of POCT-Hgb devices, with the conclusion that none of the devices 

should be used interchangeably with lab-Hgb based on current definitions for agreement.3 

Furthermore, it was found that the different devices under study each have widely different levels 

of agreement with the lab-Hgb, which has important clinical implications.  

The first main theme of this thesis was to enhance my learning experience and deepen 

my understanding of epidemiologic and statistical methods by maximizing my exposure to various 

research projects and aims. All articles written in the context of this thesis and presented within 

the previous chapters have undoubtedly contributed to reaching this objective. The scoping 

review exposed me to all steps involved in reviewing the literature systematically. Indeed, I lead 

all aspects of the scoping review, including the designing, implementing, and conducting of the 

study, as well as analyzing, summarizing, and reporting the findings from the review. Moreover, 

the findings from this review have further complemented my learning by exposing me to various 

statistical methods that have been proposed as alternate techniques to inform the analysis of 

method comparison studies with repeated measurements, which may be used in place of the LOA 

method. This scoping review has also improved my critical-thinking skills while I was analyzing 

our findings as I was able to find a logical way of presenting our findings, based on the techniques 

that have been used to deal with repeated measurements. The review further increased my 

knowledge of the various LOA methods as many authors of the identified publications discussed 

the strengths and limitations of the LOA methods, as well as many different statistical technicalities 

to take into consideration when using this method for the analysis of method comparison studies. 

In terms of the PREMISE study, the three related manuscripts combined have enhanced my 
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learning experience and exposure to research methods. In fact, I was exposed to the design of a 

large and complex observational prospective study when writing the protocol, along with the 

challenges associated with the submission of manuscripts for publication in peer-reviewed 

medical journals. During the creation of the SAP, I was exposed to the challenges associated with 

producing a rigorous document informed by complex statistical methods. Furthermore, 

conducting the analysis of the PREMISE study has highly increased my understanding of the 

advantages and limitations by following an SAP that was designed a priori, improved my 

knowledge of the LOA method for repeated measurements, and evolved my skills in performing 

advanced statistical methods. Finally, the summarizing and reporting of my findings during the 

analysis of the PREMISE study has helped me learn to prioritize the information that I want to 

provide and how to write a compelling report of the analysis of a large study that generated an 

abundance of data.  

The second main theme involved in this thesis was to understand and further inform the 

analysis of method comparison studies that include repeated measurements. When designing the 

analytic component of the PREMISE protocol and SAP, we were aware that the LOA method 

adapted for repeated measurements was likely going to be an appropriate analytic technique, but 

we had found little information on alternate statistical methods that could be used to analyze the 

study data. Thus, a knowledge gap was identified in the current literature in terms of guidance 

documents outlining existing statistical methods to inform such analysis, as well as outlining the 

various ways of handling repeated measurements in the context of method comparison studies. 

In fact, only one publication had been identified as a potential guidance document, referred to as 

a “tutorial for practitioners”, to inform the analysis of method comparison studies, using five 

different statistical methods including the LOA method.4 However, a variety of other statistical 

methods had been promoted in the literature within independent publications and it was felt that 

it might be helpful to gather them all within one publication. Nonetheless, the tutorial for 

practitioners may be helpful in further understanding those five statistical methods more 
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specifically and helping researchers choose the most appropriate method for the analysis of their 

data when hoping to use those methods specifically. The lack of a complete guidance document 

led to the idea of the scoping review to systematically search the literature for proposed statistical 

methods to inform method comparison studies that include repeated measurements. The main 

objective of the scoping review was to summarize and gather all statistical methods that could be 

compared to the LOA method and generate a guidance document as a reference tool to help 

support future studies generating similar data. The findings of this review also helped inform the 

analysis of the PREMISE study. Furthermore, the analysis of the PREMISE study is a concrete 

example of the analysis of a large method comparison study that include repeated measurements, 

which demonstrated various statistical methods to inform the analysis of such studies.  

The third and final main theme related to this thesis was to fill an important knowledge gap 

in terms of transfusion medicine within the operating room setting. This was mainly done via the 

analysis of the PREMISE study. This study was designed to facilitate a critical review of the 

accuracy of commonly used POCT-Hgb devices in the operating room. This study was of high 

importance as POCT-Hgb devices are often relied upon for transfusion-decision making in this 

setting, as red blood cell (RBC) transfusions are often guided by hemoglobin (Hgb) 

measurements, among with other clinical and physiological parameters.5–10 However, current 

evidence lacks adequate validation of the accuracy of POCT-Hgb devices in measuring Hgb 

during major surgery, where the Hgb values have the potential to vary drastically and rapidly.11,12 

Furthermore, the evidence on the accuracy of such devices is very limited within the range of Hgb 

values with a higher risk for transfusions, being between 60 and 100 g/L.13–15 To our knowledge, 

the PREMISE study is the largest method comparison study examining the accuracy of commonly 

used point-of-care testing devices for hemoglobin (POCT-Hgb) in the operating room, with the 

most data on the accuracy of those devices when lab-Hgb measurements are within 60-100 g/L. 

Thus, with its important accrual of data and findings on the accuracy of POCT-Hgb devices, the 
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PREMISE study has the potential to contribute largely to advancing the knowledge in the field of 

transfusion medicine in the operating room.  

 There were some limitations related to this thesis. For the scoping review, the LOA method 

was used as an anchor to identify publications that discussed this specific statistical method along 

with alternate methods to inform the analysis of method comparison studies with repeated 

measurements, to allow direct comparison between the methods. This aspect of the inclusion 

criteria was chosen in part to examine how other statistical methods perform when compared with 

the LOA method, but also as a way of limiting the scope of the review in order to be feasible within 

the confines of a Master’s thesis. Nonetheless, this scoping review was vast in scope with 

screening over 5000 different publications and reports and including 39 publications in the review. 

In terms of the PREMISE analysis, only the planned analyses pertaining to agreement between 

POCT-Hgb devices and lab-Hgb measurements were performed as it was felt that this fell within 

the scope of a Master’s thesis. However, the predictive modelling, as well as transfusion 

evaluation, were planned secondary analyses. These were not presented herein as they are 

outside of the scope of this thesis.   

 There are several implications related to both main studies presented in this thesis. The 

scoping review has identified several statistical methods as alternate approaches to the LOA 

method, that may be used to inform the analysis of method comparison studies with repeated 

measurements, along with providing a complete and comprehensive overview of such statistical 

methods. Findings from this review will potentially help other researchers inform the analysis of 

future method comparison studies that include repeated measurements. The reporting of our 

findings from this scoping review also provides an overview of various existing methods for the 

handling of repeated data in method comparison studies. Moreover, informed statistical analyses 

may lead to improved reporting of method comparison studies, which has the potential to improve 

patient care by informing healthcare providers concerning the accuracy of various devices used 

to measure physiological parameters measured in a continuous fashion. The findings from this 
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study may potentially help other researchers choose robust statistical methods for the analysis of 

future method comparison studies that include repeated measurements. Future research 

opportunities were identified following this scoping review, such as the conduct of another scoping 

review that aims to identify all possible statistical methods that are appropriate for the analysis of 

method comparison studies with repeated measurements, without using the LOA method as an 

anchor limiting the findings.  

Results of the PREMISE study will have significant implications for the care of surgical 

patients in the operating room. Indeed, the agreement statistics reported in the PREMISE study 

manuscript (Chapter 6) may be used directly by clinicians providing care to surgical patients to 

inform transfusion-decision making in this population, specifically when using POCT-Hgb devices 

for such clinical decisions. While those devices can provide useful and rapid information on 

hemoglobin (Hgb) concentrations intra-operatively, our findings will potentially encourage 

clinicians to use prudence when using those devices to inform transfusion decision-making in the 

operative setting. Moreover, the PREMISE study generated a wealth of data and information on 

surgical patients, including data on peri-operative blood transfusions, surgical and anesthetic 

parameters, and post-operative complications. Further analyses are planned for this study, and 

will be performed and reported in the future. Indeed, predictive models will be built to predict the 

context in which those devices provide inaccurate measurements. Further analyses will be 

conducted to examine the appropriateness of intra-operative transfusion events as well as 

transfusion outcomes. Finally, the protocol for the PREMISE study was designed to study the 

POCT-Hgb devices readily available for use in the operating room at our institution (HemoCue, i-

STAT, and Rad-67).  Blood gas analyzers were not examined in PREMISE, as they are not 

frequently used in the operating rooms in North America and were not readily available. This has 

been identified as a limitation of the PREMISE study. Future research opportunities would be to 

repeat this study and include a blood gas analyzer for examination of accuracy, along with other 
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POCT-Hgb devices. Furthermore, it may be of interest to repeat this study in other institutions, 

where other types of POCT-Hgb devices are in used.  

In conclusion, the analysis of method comparison studies with repeated measurements 

comes with many challenges due to the correlated nature of repeated measurements. This thesis 

has outlined the challenges related to the analysis of method comparison studies that include 

repeated measurements and identified different approaches to inform their analysis. An example 

of some of the statistical methods that may be used for the analysis of this study design was 

provided using the PREMISE study dataset, a large prospective method comparison study that 

included repeated measurements. The findings from the analysis of PREMISE help fill an 

important knowledge gap related to transfusion practices in the operating room, by reporting on 

the accuracy of commonly used point-of-care devices to measure hemoglobin in the operating 

room.   
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