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Introduction

Scientific investigation is fundamentally an effort to establish relationships between cause 

and effect. Like human interactions within a society, scientific relationships provide a 

model through which we interpret disease and treatment. Such models are both complex 

and iterative and our attempts to understand the world around us are subject to multiple 

confounders and biases. As a result, the journey to derive truth in light of these cognitive 

fragilities has taken multiple millennia. Even at present, we have relatively few cures to 

alleviate human suffering. Nonetheless, our capacity for treatment discovery is heavily 

influenced by our ability to uncover the correct causal model. It is therefore imperative for 

each generation of surgeons to systematically evaluate current practices and question their 

incongruencies.

Washington on His Deathbed (Figure 1) by Junius Stearns reveals the bedside scene of a 

dying president. Following his Farewell Address in 1796, George Washington retired to his 

Mount Vernon estate, south of what is present-day Washington D.C., at the age of 65. His 

property was extensive, and Washington rode on horseback approximately 6 hours each day 

to oversee his plantation’s projects. On December 12, 1799, weather conditions turned poor 

with rain, snow, and sleet. In spite of this, Washington continued with his daily routine, 

subsequently experiencing chest congestion on the evening of the following day. He awoke 

the morning of December 14th with a sore throat and shortness of breath.1 In the course of 

his ensuing illness which historians now believe to have been severe epiglottitis, Washington 
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underwent multiple phlebotomies, toxic ingestions, herbal treatments and cathartics in an 

effort to save his life.2 Physicians, Drs. James Craik, Gustavus Richard Brown and Elisha 

Cullen Dick, were well-trained practitioners of their day and believed these modalities to 

represent best practices in the treatment of the former President. Nonetheless, their efforts 

were unsuccessful, and the first president of the United States succumbed to his illness at 

10:20pm on December 14, 1799.

The challenges at Washington’s bedside transcend space and time. The same fundamental 

challenges faced by his treatment team are in play each day in thousands of hospital 

rooms across the world. His physicians undoubtedly had the same conversations: Which 

intervention will have the best chance of success? What are the risks and benefits of each? 

When should we change our approach in the absence of a response? What would have 

happened if we made a different decision? Unfortunately, in any given decision tree, turning 

back the hands of time and introducing the same set of circumstances with the use of a 

different treatment (i.e., the perfect counterfactual) is merely a thought experiment. Often, 

a combination of associations and extrapolated experiences is substituted for causality, the 

gold standard for decision making evidence. The conclusion of a causal relationship is a rare 

indulgence, one that is classically exemplified in the public health literature with story of Dr. 

John Snow and the pump handle.

Dr. John Snow, considered the “Father of Epidemiology” for his investigations into the 

causes of cholera outbreaks and prevention of their recurrence, was an anesthesiologist in 

London, UK during the mid-19th century. He examined the patterns of infection during 

the cholera epidemic of 1854. The result was a detailed spot map of London’s Golden 

Square area (Figure 2). Believing cholera to be a water-borne illness, Snow made careful 

note of the local water pump stations on his map. Appreciating a density of disease around 

Pump A (i.e., the Broad Street pump), he concluded that the disease must be arising from 

that location. Curiously, he also observed that no cases of cholera were identified amongst 

workers at a brewery 2 blocks east of Pump A. Dr. Snow subsequently discovered that 

the workers used a well on the premises as their source of water rather than pump water. 

Given that the Broad Street pump was the common water source for the residents of 

Golden Square, Snow presented his findings to municipal officials and the pump handle was 

removed, concluding the outbreak.3

While John Snow created a foundation for modern epidemiologic measurement, scientific 

investigation of clinical phenomenon rarely yields the luxury of “removing the pump 

handle” and the effort to determine causal relationships is typically more challenging. 

Instead, correlative relationships, where the intersection between a possible cause and 

effect is nebulous, are far more common and investigators are left to postulate about 

which factors may be causal to the outcome. In this vein, Sir Bradford Hill (Figure 3), 

an English economist, epidemiologist and statistician, credited with pioneering the design 

of the modern randomized clinical trial, introduced his Causal Criteria in 1965.4,5 These 

essential elements of determining a “cause” include strength of the association, consistency 

of the observed association, specificity (between cause and effect), temporality (cause 

precedes effect), biological gradient, plausibility, coherence (consistency with “generally 

known facts”), experiment, and analogy. Dr. Hill comments:

Carmichael and Kline Page 2

Surg Clin North Am. Author manuscript; available in PMC 2024 July 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



“None of my nine viewpoints can bring indisputable evidence for or against the 

cause-and-effect hypothesis and none can be required as a sine qua non. What 

they can do, with greater or less strength, is to help us make up our minds on the 

fundamental question – is there any other way of explaining this set of facts before 

us, is there any other answer equally, or more, likely than cause and effect.”4

Building upon the work of Hill, Dr. Kenneth Rothman (Figure 3), a professor of 

epidemiology at Boston University, introduced the Causal Pie Model in 1976. He defines 

cause as: “…an act or event or a state of nature which initiates or permits, alone or in 

conjunction with other causes, a sequence of events resulting in an effect.”6 From this 

approach, he discerns 3 different types of cause (Figure 4). A sufficient cause is a set of 

conditions, without any one of which the disease would not have occurred (i.e., the whole 

pie). A component cause is any one of the set of conditions which are necessary for the 

completion of a sufficient cause (i.e., a piece of the pie). A necessary cause is a component 

cause that is a member of every sufficient cause.

Taking these definitions together, several conclusions can be drawn from this model. First, 

the satisfaction of a sufficient cause makes the disease inevitable. While this obviates the 

ability to prevent disease, the timeline for disease manifestation (i.e., malignancy) may 

be prolonged, allowing for treatment to cure. Secondly, the component causes to create 

a sufficient cause may occur far apart in time, facilitating opportunities for preventative 

intervention. Lastly, blocking the action of any component cause, prevents the completion of 

the sufficient cause, antagonizing the disease by that pathway.

Ultimately, the degree to which causal assertions of a given investigation are incorporated 

into surgical practice depends upon the relationship between 3 factors: study design, data 

interpretation, and quality of care in surgery. This relationship may be expressed in the form 

of 2 questions:

1. Are the conclusions from a given investigation appropriately interpreted based on 

the study design?

2. Are the conclusions likely to yield improvements in quality of care in surgery?

If a study or trial is poorly designed, then its conclusions are uninterpretable. If the 

conclusions are unlikely to improve quality of care, then they will not be incorporated into 

practice models for surgical decision making. In turn, the levels (or categories) of evidence 

represent the degrees to which these questions are answered with decreasing amounts of bias 

and uncertainty. The following discussion will provide a framework of understanding for 

each of these 3 inter-related factors.

Discussion

Quality of Care in Surgery

As Washington lay critically ill, the treatment practices of his physician team were being 

interrogated in Philadelphia. Benjamin Rush, a charismatic physician, statesman, and signer 

of the Declaration of Independence, was an ardent supporter of phlebotomy as a panacea 

for disease.2 Craik, Brown, and Dick were all familiar with Rush. Craik and Rush served 
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together in the Revolutionary War, Brown was his medical classmate in Edinburgh, and Dick 

was his trainee in Philadelphia.7 For the past 2 years, Rush had been ensnared in a legal 

battle with William Cobbett, a journalist who alleged that Rush’s enthusiastic blood-letting 

practice during the 1797 yellow fever epidemic in Philadelphia was tantamount to murder.7 

Though Cobbett was found guilty of libel (on the day of Washington’s death), Rush never 

recovered his medical reputation and subsequently closed his practice. Fearing for their own 

reputations, Craik and Dick issued a statement to the nation following Washington’s death, 

describing his illness and their treatment course. The article was negatively received with 

friends and members of the medical community suggesting that Washington was murdered.2 

Though phlebotomy was considered an accepted, yet heroic, therapy of the day, its treatment 

failure in this high-profile case called its utility into question.

Clinical research is fundamentally driven by outcomes. The Donabedian model, first 

proposed in the 1960s, provided a dynamic and generalizable assessment tool for quality of 

health care via evaluation of structure, process, and outcomes.8 Structure is the environment 

where care is being delivered and entails institutional, workforce and supply factors. Process 

is the coordination of care delivery and outcomes are the effects of care delivered to the 

patient. Necessarily, outcomes are impacted by both structure and process. Allowing for 

selective evaluation in these separate elements, this model has been successfully applied 

to the care improvement of multiple different pathologies, including lung cancer, prostate 

cancer, congenital heart defects and morbid obesity.9

The field of surgery began to systematically explore outcomes toward quality improvement 

in the 1990s and early 2000s by applying the Donabedian model to create both the National 

Surgical Quality Improvement Program (NSQIP) in the United States and the Physiological 

and Operative Severity Score for the Enumeration of Mortality and Morbidity (POSSUM) 

in Europe.10–13 NSQIP was originally birthed as the National Veterans Affairs Surgical Risk 

Study (NVASRS) and was developed in response to public criticism of the Department 

of Veterans Affairs (VA) for high operative mortality rates at the 133 VA hospitals 

in the 1980s.14 Congress passed Public Law 99–166, mandating annual VA reporting 

of surgical outcomes on a comorbidity risk-adjusted basis for comparison to domestic 

averages. NVASRS collected pre-operative, intraoperative, and 30-day post-operative 

outcome variables at 44 VA medical centers on more than 117,000 operations across 

nine surgical specialties from October 1991 to December 1993.14,15 The data correlated 

to the quality of structures and processes at the various centers and allowed the VA to 

improve post-operative mortality by 47% and morbidity by 43% across its system from 

1991–2006.15 NSQIP, established as an ongoing VA quality initiative following NVASRS, 

was subsequently piloted at several university institutions in 1999. The experiences of these 

non-VA centers validated the predictive and risk-adjusted models created by the VA in the 

heterogenous patient population of the private sector.15 Presently, the American College of 

Surgeons, as the managing body of NSQIP within the private sector, has enrolled more than 

700 hospitals across the United States and over 100 hospitals internationally to its program, 

now the largest clinical general surgery registry in the world.15

While national initiatives, such as NSQIP, have unquestionably improved the quality and 

standardization of surgical care, variations in surgical outcomes persist. Much to the chagrin 
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of surgeons, patients, hospitals, insurance companies and national agencies alike, there is 

no perfect metric for quality.16 Importantly, in revisiting the Donabedian model, none of 

the three variables (i.e., structure, process, or outcome) can be appropriately applied to 

evaluation of every procedure type. As demonstrated in Figure 5 from Ibrahim and Dimick, 

the quality metric used to asses a given operation is based upon both the volume and risk 

associated with that procedure.16

Whereas high-risk/high volume operations may be appropriately evaluated by their 

outcomes, low-risk/high volume procedures (i.e. laparoscopic cholecystectomy) would 

be unlikely to yield discriminatory outcomes between facilities.17 The quality of these 

operations are likely best compared by process. Alternatively, procedures that are high-

risk/low volume may generate inadequate numbers at a given center to accurately compare 

outcomes. Therefore, quality may be measured in the variable of structure (i.e., volume of 

operations), which is supported by prior work.18,19

Because of the limitations described in traditional quality assessments, exploration of 

new metrics is an imperative. As the surgical field is fundamentally interventional, there 

is the inherently human variable of quality in performance. Based on intra-operative 

video monitoring, differences in technical skills may influence outcomes.20 Comparison 

based on this modality could yield standardization in technique and training, a variable 

yet to be included within the graduate surgical education frameworks of the United 

States.21,22 Furthermore, patient-reported outcomes, or the quality-of-life assessments 

following operation, could inform traditional outcome measurements. Though there is 

popular agreement that these should be included, the processes for their collection and 

evaluation remain unstandardized.16

The evolution of the Donabedian concept has provided surgical researchers a framework by 

which quality of care may be evaluated. However, proper study design remains crucial for 

durable progress to be made in these categories. Data that are collected in response to flawed 

hypotheses, gathered inappropriately, and applied incorrectly frustrate improvements in 

surgical care. Thus, it is upon surgeons to evaluate the literature for appropriate conclusions 

based on study design prior to updating practice models for surgical decision making.

Study Design and Levels of Evidence

Clinical research in surgery is generated primarily from analytical study designs, though 

case reports are frequently written on interesting or uncommon topics to generate awareness. 

Interpretation of outcomes from a case report is extremely limited, not generalizable and 

should frame what is possible rather than what is probable. Beyond anecdotal reports, the 

two general categories of medical research include experimental and observational designs. 

Observational designs are commonly referred to as “studies” while experimental designs are 

termed “trials”, as they include some form of assigned intervention. In general, the quality 

of evidence from the hierarchy in Figure 6 is inversely proportional to the level of potential 

bias within a given design. Generally defined, bias is ”any systematic error in the design, 

conduct, or analysis of a study that results in a mistaken estimate” or “any tendency which 

prevents unprejudiced consideration of a question.”23,24 Bias may occur at all phases of a 

trial or study, influencing study design, data collection, analysis and interpretation.
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Epidemiologic observational studies can be divided into three categories: cohort studies, 

case-control studies, and cross-sectional studies. Observational studies may be prospective 

or retrospective and are ideal in circumstances where a given intervention may be unethical 

to assign to participants (i.e., cigarettes, alcohol). Rather than introducing an exposure, 

participants in prospective cohort studies are chosen based on their current exposure status 

and followed over a period to assess incidence of a variety of outcomes. The primary 

rationale for this type of study is to learn about the health effects of an exposure. The 

relationship between the exposure and the disease state is expressed in terms of relative 

risk (or risk ratio). In other words, the incidence of a given outcome is compared as a ratio 

of rates between the exposed and un-exposed (control) groups. The major value of cohort 

studies is in their evaluation of multiple outcomes, particularly for rare exposures. Their 

limitation is the inability to study multiple exposures, as a single exposure is typically the 

basis for study inclusion. Prospective cohort studies are also a poor choice for diseases that 

take a long time to manifest or are very rare, as few outcomes may be observed during 

the study period. An alternative design, commonly employed in surgical research, is the 

retrospective cohort study where the exposure and outcome have already been observed. 

This allows for the choice of an exposure without a delay in measuring outcomes, which 

can reduce the burden of running a prospective study. However, as data for these studies 

are largely gleaned from electronic medical records and administrative databases, they are 

typically not collecting data for research and are prone to multiple biases related to selection, 

recall, misclassification, and missing data. While having great potential to advance research, 

electronic medical records and other administrative databases come with challenges that 

require their own consideration when designing studies.25,26 One useful framework for 

conceptualizing the design of observational studies is to emulate a target trial (i.e., the trial 

that would be run in an ideal world).27

Case-control studies are always retrospective and begin with the selection of a single 

outcome (i.e., disease) rather than a single exposure. Here the key research question is, 

“Given your outcome status, did you previously have the exposure of interest?”. Importantly, 

controls must have the opportunity to have developed the disease of interest. For instance, a 

group of men would not be an appropriate control for uterine cancer incidence in a sample 

of women. Results of a relationship between disease and exposure in case-control studies 

are expressed as an odds ratio, as risk between exposure and outcome cannot be directly 

established. Since case-control studies sample based on the outcome of interest, they are 

good tools for rare diseases and diseases with long latencies, taking into account multiple 

exposures. A weakness of case-control studies is their inability to look at multiple outcomes, 

inability to directly measure risk based on exposure, and susceptibility to bias from choice 

of controls. Matching of cases and controls is common in case-control studies to increase 

statistical efficiency but such choices should be carefully thought through and evaluated to 

avoid unintended consequences.28

Cross-sectional studies look at a population sample during a single time point, like a 

“snapshot” in time. Alternatively, they may be followed up with repeated measures over 

multiple time points (repeated cross-sectional or panel study). The main purpose of this 

design type is to answer questions about the prevalence (i.e., how many cases) or incidence 

(i.e., how many new cases in a repeated measure design) of a given disease within the 
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population of interest. The strengths of cross-sectional studies are in their ability to describe 

multiple variables within a population.29 They frequently contain large sample sizes and 

serve as preliminary data for planning of future investigation. Since they ascertain exposure 

and outcome at the same time, the ability of cross-sectional studies to suggest causality is 

limited. A flowsheet to assist with study definition is listed below in Figure 7.30

Methods of Interpretation

If the data needed to assist surgeons with making the best quality of care decisions for 

patients comes from a variety of study designs, how do we decide which data to adopt and 

which to reject? One way is with a directed acyclic graph (DAG).31 A DAG provides a 

visual representation of the assumed model and relationships between variables of interest 

(Figure 8). Through the effective use of DAGs, one can identify potential sources of bias 

(i.e. confounders) during the study design phase and select appropriate analyses to mitigate 

such bias. Creating a DAG can also be a helpful exercise when interpreting the published 

literature, allowing for critical evaluation of hypotheses, achievement of stated outcomes and 

clinical relevance.

After settling on a causal model and a target quantity (i.e. estimand) of interest, one must 

consider the balance between accuracy (bias) and precision (variance). As shown in Figure 

9, the ideal case is of high accuracy and high precision where estimates are tightly centered 

on the target. In practice, accuracy of an estimator is often determined by the design and 

analytical strategy, whereas precision is largely determined by sample size. Due to the link 

between precision and sample size, it is important to be aware of the Big Data Paradox, 

which notes that, despite increasing precision, small biases are often compounded with 

increasing sample sizes.32,33 In surgery, this paradox could arise from use of large claims 

or electronic health record databases that are subject to inherent structural biases. In other 

words, data quality is often more important than data quantity for generating high quality 

evidence.

Most importantly, interpretation of study results is based on notions of statistical and clinical 

significance. Statistical significance is typically determined by the result of a null hypothesis 

test. Hypothesis testing assumes a null hypothesis in the causal model and, typically, no 

effect of treatment. A p-value is calculated to determine the probability that one would 

observe data as extreme or more extreme than what was actually observed, assuming the 

null hypothesis model is true. If the p-value is small enough, the null hypothesis is rejected 

because it is unlikely that the data would have been observed if the null hypothesis were 

actually true. Confidence intervals provide another way of illustrating uncertainty around a 

parameter estimate and are linked to hypothesis tests. Confidence intervals show the set of 

parameters that would be compatible with the data observed.34 For example, a confidence 

interval of (−1, 2) would be compatible with a null hypothesis, inclusive of 0, but also null 

hypotheses of all effects in the interval from −1 to 2.

It is critical to examine whether an estimated statistical effect is relevant to clinical practice. 

While one could identify increasingly small statistically significant effects in large sample 

sizes, those differences only remain clinically meaningful to a point. It is up to the 

surgeon to determine the minimal clinically important difference (MCID) for their estimand. 
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Determination of the MCID should be planned prior to data collection for an appropriate 

power calculation and to prevent unnecessary data collection.

Several important fallacies can arise while interpreting results. The vast majority can be 

prevented by pre-planning, pre-specification, and pre-registration of the design, outcomes, 

and analysis plan. Determination of statistical power, a function of variability and sample 

size, is a key part of this preparation to ensure appropriate decision-making about the 

primary endpoints based upon the study design characteristics. Power calculations are 

not useful after an analysis (post-hoc power) or to argue for the truth of the null 

hypothesis.35 It should be noted that absence of evidence against the null hypothesis is 

not evidence of absence of an effect. Other fallacies related to multiple testing, p-hacking, 

and selective presentation of results can also be mitigated through rigorous planning and 

pre-specification.36

Summary

The death of George Washington illustrates the struggle that physicians and surgeons face 

on a regular basis – the persistent and inherent duality of critically appraising the literature 

and applying it to the patient at the bedside. Washington’s physicians had no intention of 

expediting his demise. It was their causal model and evidence structure that were incorrect. 

Unfortunately, the challenge of the counterfactual persists through time – we cannot go back 

and try a different treatment under the same set of circumstances. Bias exists everywhere 

and there is no such thing as a “bias free” study design that perfectly applies to every clinical 

scenario. It is upon us to be able to interpret the contemporary data and evolve our practices 

with the best evidence we have. In this way, the final hours of Washington’s life serve as 

both the narrative of our history in medicine and the plow to which we must set our hands.
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Key points:

• Surgical decision-making requires integration of multiple objective and 

subjective pieces of evidence/inputs.

• Objective evidence in the surgical literature can be confounded by multiple 

biases.

• Recognizing these biases within the surgical literature is essential to 

categorizing evidence and developing a reliable fund of knowledge.
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Synopsis:

Surgical decision-making is a continuum of judgements that take place during the 

pre-, intra- and post-operative periods. The fundamental, and most challenging, step 

is determining whether a patient will benefit from an intervention given the dynamic 

interplay of diagnostic, temporal, environmental, patient-centric and surgeon-centric 

factors. Myriad combinations of these considerations generate a wide spectrum of 

reasonable therapeutic approaches within the standards of care. Though surgeons may 

seek evidenced-based practices to support their decision making, threats to the validity 

of evidence and appropriate application of evidence may influence implementation. 

Furthermore, a surgeon’s conscious and unconscious biases may additionally determine 

individual practice.
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Figure 1. 
Washington on his Deathbed. Stearns, Junius Brutus. 1851. Oil on canvas. 37.25 in × 54.13 

in. From Dayton Art Institute. Dayton, OH. https://www.daytonartinstitute.org/exhibits/

junius-brutus-stearns-washington-on-his-deathbed/, accessed 21 March, 2022.
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Figure 2. 
Dr. John Snow (left) and rendering of his spot map of deaths from cholera in Golden Square, 

London. Modified from Snow J. Snow on cholera. London: Humphrey Milford: Oxford 
University Press; 1936.
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Figure 3. 
Sir Bradford Hill (left) and Dr. Kenneth Rothman (right).
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Figure 4. 
Example of the Causal Pie Model. Sufficient cause: A+B+C+D; Component cause: A-D; 

Necessary cause: A.
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Figure 5. 
Qualification of exemplary procedure types in correspondence with volume and risk. 

Reprinted with permission from Ibrahim AM, Dimick JB. What Metrics Accurately Reflect 
Surgical Quality? Annu Rev Med. 2018;69:481–491.
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Figure 6. 
Clinical evidence quality hierarchy based upon study type.
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Figure 7. 
Flowchart for definition of clinical research designs. Reprinted with permission from Grimes 
DA, Schulz KF. An overview of clinical research: the lay of the land. Lancet (London, 
England). 2002;359(9300):57–61. doi:10.1016/S0140-6736(02)07283-5
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Figure 8. 
Directed acyclic graph format demonstrating the relationship between exposure and disease. 

A confounder is a variable not on the causal pathway but associated with both the exposure 

and disease.
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Figure 9. 
Graphical representations of variations within precision and accuracy. Courtesy of Dr. 
Bethan Davis, AntarcticGlaciers.org
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