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Abstract 

Randomized controlled trials are the cornerstone necessary for the testing and 

analysis of pharmaceuticals prior to gaining market approval. Implementation of these 

trials since the establishment of the Food and Drug Administration has resulted in the 

approval of thousands of drugs. Importantly, they have also alerted the Agency to drugs 

that are not safe or well-tolerated by the general population or are not efficacious, as 

thousands of people are enrolled in multiple trials over the course of clinical 

development. Despite the benefits of conducting randomized controlled trials and their 

ability to assess market readiness for the patient population for which the drug is 

intended, results from clinical trials are not always indicative of how the drug will 

perform in an individual. Many approved drugs do not have the same efficacy levels in 

individual patients as demonstrated in clinical trials, leading to patient frustration with the 

pharmaceutical industry.  

More advanced treatment options are emerging in the form of personalized 

medicine which considers disease management of a single patient. The increase in this 

trend elicits the need for assessing the role of randomized controlled trials in 

pharmaceutical development. Personalized medicines should be evaluated with modified 

studies that assess each patient on an individual basis. Randomized controlled trials do 

not have the ability to do this, as they measure effects in a group of patients as a whole. 

The use of N-of-1 clinical trials is a necessity as the field trends towards personalized 



 
 

treatment, as they measure the effect of a drug on the individual and can additionally 

draw conclusions of safety and efficacy for a group of patients.  

An extensive literature search was performed to evaluate the use of N-of-1 

clinical trials with respect to the pharmaceutical industry. Major aspects of clinical 

development, such as trial design, statistical analysis, data reporting, and regulatory 

guidelines were analyzed to determine the comprehensiveness of these trials. This case 

study reveals that N-of-1 clinical trials have established design criteria, methods of 

statistical analysis, and reporting guidelines that would allow these trials to be used in 

pharmaceutical development. They are satisfactory to use alone for rare diseases and 

small patient populations and may be used as supplementary trials for diseases with 

larger populations or for post-marketing studies for assessment of drug use for additional 

indications. 
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Chapter I. 

Introduction 

From its inception in 1938 through 2013, the Food and Drug Administration 

(FDA) has approved less than 1500 New Molecular Entities (NMEs) (Kinch et al, 2014). 

While this number doesn’t include biologics, it is representative of the fact that only 10 

percent of drugs entering clinical trials are approved (Hay et al, 2014). This results in a 

large majority of inaccessible drugs that could be advantageous to patients seeking 

treatment. Further, it has been shown that market-leading drugs are not effective for 

everyone taking them, leading to off-label prescriptions and usage (Schork, 2015). While 

randomized controlled trials (RCTs) are advantageous in predicting how a drug will 

benefit the population, the data are not always indicative of how helpful the drug will be 

to an individual. Within the industry, there is an increasing acceptance of the fact that 

interventions need to be determined on a personalized basis (Lillie et al, 2011). 

The concept of N-of-1 clinical trials has become more relevant as the concept of 

personalized medicine has evolved. N-of-1 trials, also called single subject clinical trials, 

are based upon an individual patient as the population (Lillie et al, 2011). Currently, the 

standard design of these trials follows an individual in response to both placebo and 

active treatment to determine if treatment is efficacious (Kravitz et al, 2014). Treatments 

may be administered one after another for ease of comparison or a washout period may 

occur between treatments (Kravitz et al, 2014). Safety is also observed upon 

administering interventions; however, this type of trial differs from RCTs as it determines 

the optimal intervention for one individual as opposed to a population (Lillie et al, 2011). 



 

2 

These clinical trials are used routinely in educational and learning environments, yet have 

not generally been pursued in a biomedical setting (Lillie et al, 2011), as RCTs are the 

gold standard accepted by the FDA. However, it has been suggested that N-of-1 trials 

“provide the strongest evidence for the decisions of the individual patient” (Chen et al, 

2014). 

With personalized medicine on the rise and the lengthy time required to bring a 

drug to market, new options are needed for clinicians to make informed decisions about 

treatment for their patients. The introduction of genetic screening has improved treatment 

options; for example, it has been shown that tumors with a certain genetic makeup will 

not respond to certain drugs (Lillie et al, 2011). While screening is important, its 

application is not possible for every disease requiring treatment, and more personalized 

studies are needed to connect the right treatment with the right patient. Due to cost and 

feasibility, the concept of randomized controlled trials no longer seems fit for situations 

in which a small number of patients could benefit from an off-label treatment. In this 

instance, the use of N-of-1 clinical trials is necessary for determining the best course of 

therapeutic action. Further, N-of-1 studies could be extremely applicable in the rare 

disease space, as the patient population is limited and may not be large enough for a 

RCT. However, as this is a new concept in the field, there are many questions 

surrounding the implementation of these trials. The number of times treatment must be 

repeated to prove safety and efficacy along with the regulatory process as a whole must 

be considered, as these studies may not follow the typical processes of approved drugs. 

This case study will serve as an analysis of the concept of N-of-1 clinical trials with 
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respect to pharmaceuticals and will assess the feasibility of the use of these trials for 

product licensure and treatment of individual patients. 

History of the Pharmaceutical Industry and the Drug Development Process 

The Food and Drug Administration (FDA) originated in 1848 due to the need for 

chemical analyses in the agriculture industry, making it the oldest agency of the United 

States government (About FDA: History, 2015). The first regulations were enacted in 

1906 with the passing of the Pure Food Drugs Act, which ruled against commerce 

between states in regards to misbranded and contaminated food and drugs. Although 

given its official name in the 1930s, the mission of FDA has not evolved since its 

inception. Rather than creating and then later removing laws that no longer fit the time 

period, the FDA’s regulations and guidelines represent an evolution of the changes in the 

industry (About FDA: History, 2015). 

Clinical trials have been occurring informally for centuries, beginning with the 

use of medical observations made by ancient civilizations (Junod, n.d.). However, it 

wasn’t until the early twentieth century that well-controlled trials occurred. The 1938 

Food, Drug, and Cosmetics (FD&C) Act was the first official requirement for pre-market 

safety evaluations, requiring the FDA to review pre-clinical and clinical data for drugs 

seeking market approval. It was this enactment that allowed the FDA to require more 

data if necessary to approve a drug candidate (Junod, n.d.). While rules and regulations 

for approving drugs were becoming stricter, the Thalidomide drug crisis, identified in 

1961, prompted the Drug Amendments of 1962. Thalidomide was patented in Germany 

in 1954 and gained licensure in 1958 in the UK (Mandel, 2015). The drug was produced 

to help pregnant women with morning sickness. However, after children of mothers 
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taking Thalidomide were born with severe birth defects (Mandel, 2015), it was 

discovered that the drug’s molecules could pass through the placental wall, thereby 

causing harm to the fetus. While this drug was never approved in the United States, this 

crisis prompted the FDA to more strictly enforce its drug approval process. The 1962 

Drug Amendments stated that drug approvals would rely on scientific testing to prove not 

only safety but also “substantial testing” of efficacy gathered by adequate, well-

controlled clinical trials (About FDA: History, 2015). 

FDA Drug Approval Process 

In order for a drug to make it to market and be accessible to patients, clinical trials 

must be conducted as part of a formalized process mandated by the FDA. For most 

interventional pharmaceuticals, randomized controlled trials are conducted many times to 

prove safety and efficacy of the product. Prior to market approval, there are three clinical 

trial phases that must be completed and obtain statistically significant data. Once data 

collection and analysis has occurred, a New Drug Application (NDA) or Biological 

License Agreement (BLA) is submitted, and, after review, the product is either accepted 

or denied. 

To initially begin clinical trials after pre-clinical work is completed, an 

Investigational New Drug Application (IND) must be filed with the FDA (Brody, 2016). 

The IND contains information and data regarding the drug substance based on in vitro 

and in vivo studies. Once approved, this IND allows for testing of the product in human 

subjects in Phase 1 studies. Phase 1, or “first in human studies”, assess safety, typically in 

healthy volunteers (Brody, 2016). However, in instances where diseases are life-

threatening, the actual patient population may be used, for example with cancer (Lipsky 
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et al, 2011). Phase 1 studies typically enroll 20-100 people and monitor subjects for 

adverse events (AEs). Dosage level is also examined through dose escalation studies 

(Lipsky et al, 2011) in order to find the proper dose for subsequent trials (Brody, 2016). 

In many cases, a small group of study participants receives a small dose of the study 

drug. As the drug is tolerated, more cohorts of patients receive increased doses of the 

drug until dose-limiting toxicities (DLTs) are reached. The dose just below the DLT, the 

maximum tolerated dose (MTD), is typically what is used in later phase clinical trials 

(Brody, 2016). Phase 1 studies are generally completed in a minimum of several months 

(The Drug Development Process, 2005). 

Phase 2 clinical trials are larger, enrolling 100-300 people with the disease of 

interest (Lipsky et al, 2011). They are sometimes divided into Phase 2a and 2b studies 

and are conducted to determine efficacy while also continuously measuring safety 

(Brody, 2016). Dose frequency and delivery method are additionally examined during 

these studies (Lipsky et al, 2011). Phase 2 studies have strict inclusion and exclusion 

criteria meant to focus on the population of interest to determine how efficacious the drug 

will be for the subset of people affected by the disease or ailment. Often, drugs that are 

neither safe enough nor effective enough are discontinued in this phase (Lipsky et al, 

2011). The duration of Phase 2 studies is typically around two years (The Drug 

Development Process, 2005). 

Phase 3 trials represent the last stage of clinical development (Brody, 2016). 

Clinical trials in this phase are the largest, with subject enrollment reaching 300-3000 

individuals (The Drug Development Process, 2005). A large number of subjects is needed 

in this phase in order to ensure drug-related toxicities are recognized and to confirm 



 

6 

efficacy in a broader population (Brody, 2016). This phase typically consists of two 

pivotal studies measuring safety and efficacy in a more generalized population and seeks 

to confirm previously generated data. Data obtained in these studies are important for the 

drug label and package insert (Brody, 2016). The inclusion and exclusion criteria for 

these trials is not as strict, as they aim to prove efficacy in a wide variety of individuals 

suffering from the disease or condition across many clinical sites. Phase 3 studies 

generally last multiple years (Lipsky et al, 2011). 

Due to the regulations of clinical trials and the amount of time it takes to complete 

them adequately, in addition to the drug discovery and preclinical study process, the 

length of time required for FDA approval of a pharmaceutical product is at least 12 years. 

Further, the cost to develop a drug is exorbitant, costing 2.6 billion dollars (Tufts, 2016). 

This, along with the added cost of drugs that fail in preclinical or clinical development, 

accounts for the high cost of drugs, thereby affecting payers and ultimately the patient 

through increased drug prices, often for treatments that are life-saving. As RCTs are the 

standard for the drug approval process, there has not been much research conducted on 

alternative solutions to these issues. 

Randomized Controlled Trials 

Randomized controlled trials are used in intervention studies and typically include 

at least two groups, one being the intervention and the other a control (or placebo) group. 

After enrollment, study subjects are randomly assigned to one group (Akobeng, 2005), 

referred to as randomization. Viewed as the gold standard for evaluating interventions, 

RCTs are “the most scientifically rigorous method of hypothesis testing available.” 

Although the two groups are administered a different intervention, they are monitored in 
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the same manner for the same period of time, thus allowing the investigator to draw 

conclusions based on similarities or differences between the two groups. In many cases, 

these trials are double-blind, where both the investigator and the subject are unaware of 

the intervention that is assigned to the study subject. This is an important piece of trial 

design, as it allows for the exclusion of selection bias.  

Bias in clinical trials is undesirable, as it may influence the outcome by bringing 

into question whether the intervention was effective or not. By randomly allocating 

subjects to treatment groups, participants are fairly distributed in terms of elements such 

as subject age, sex, or disease status (Akobeng, 2005). In addition to selection bias, which 

occurs before the trial begins, there are other types of biases that can be present during 

and after a trial. Performance bias can occur if there are any differences in treatment 

between trial groups in terms of care or exposure to factors other than the intervention 

(Higgins et al, 2011). Conversely, detection bias can occur if there are differences in 

determination of outcomes between trial groups due to patient characteristics. Blinding of 

participants can assist with minimizing both of these biases, as the investigator or sponsor 

is unaware of which groups participants are assigned to. Finally, attrition bias can occur 

when there are unequal amounts of withdrawals in the study groups due to experiencing 

adverse events or lack of treatment efficacy (Higgins et al, 2011).  

The introduction of biases in randomized controlled trials is detrimental, as it can 

affect internal validity, or the reliability or accuracy of the study (Pannucci et al, 2010). 

By controlling for high internal validity, investigators can be confident that the efficacy 

reported is accurate for the highly-specified group of individuals. However, high internal 

validity compromises a study’s external validity, and it is difficult to maintain a balance 
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of the two (Pannucci et al, 2010). If more personalized studies were acceptable for use in 

drug testing, many of these biases would no longer be an issue that sponsors or 

investigators would have to focus on during trial design and implementation, as they 

would be designing a trial for one individual and not a group of people. 

Design of randomized controlled trials is important to consider in order to create 

both internally and externally valid trials. While internally valid trials keep the possibility 

of bias to a minimum, externally valid trials obtain results that can be generalized to a 

defined group of patients (Rothwell, 2005). Despite being so highly regarded, RCTs are 

not perfect. One of the major flaws with RCTs is their lack of external validity; their 

results cannot be generalized to individualized patients (Clay, 2010). Due to the large 

sample size needed to attain statistical significance, results are often indicative of central 

tendencies of a large sample size which does not translate to the patient as an individual 

(Clay, 2010). Further, the real-world population may not be represented by the sample of 

individuals participating in a RCT (Clay, 2010). Although Phase 3 studies have a large 

sample size and less restricted eligibility criteria in order to closely mimic the actual 

population who would be receiving the drug, a true heterogeneous population is hard to 

achieve. Patients are excluded from trials due to eligibility criteria, and this exclusion 

makes the population more homogeneous. Patient characteristics, especially those that 

make a patient drastically different from the majority of the patient population, can also 

influence external validity of a trial through efficacy and safety. Further, enrichment 

strategies such as placebo run-in periods or companion diagnostic assays that aim to 

exclude non-responders from studies decrease the external validity of trials (Rothwell, 

2005). 
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Other factors influencing a lack of external validity are the length of treatment 

and follow-up along with patient-centered outcomes (Rothwell, 2005). Length of 

treatment or follow-up periods are important in order to measure the effect of the drug on 

improving an ailment. Many trials are designed to follow acute response to treatment but 

do not follow efficacy long-term. However, these initial responses may not be a good 

predictor of long-term efficacy. The lack of long-term follow up can create issues with 

external validity, as beneficial effects of the treatment may not be experienced in clinical 

practice (Rothwell, 2005). 

Similarly, clinical outcomes serve to increase external validity if they corroborate 

with patient priorities rather than clinician priorities (Rothwell, 2005). Patient-centered 

outcomes generally are focused on improvement of quality of life, such as mental, 

emotional, or general health, as opposed to improving physical effects, which are 

typically measured and are the focus of clinicians. Clinical outcomes need to be relevant 

to the patient, despite whether this causes a decrease in statistical power (Rothwell, 

2005). The issue of decreasing external validity due to intervention length, follow-up, and 

clinical outcomes could be addressed by initiating clinical trials focusing on the 

individual. The length and follow-up of treatment would become more personalized 

based on the needs and opinions of the individual receiving the intervention, rather than 

simply following a schedule created for a group of patients. Individual focus on the 

patient can also prioritize clinical outcomes and can more easily involve patient opinion 

in the outcomes that are important to them.  

Another flaw with RCTs is their compliance with guidelines for Good Clinical 

Practice (GCP), set forth by the International Conference on Harmonization (ICH). GCP 
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regulations state: “Before a trial is initiated, foreseeable risks and inconveniences should 

be weighed against the anticipated benefit for the individual trial subject and society. A 

trial should be initiated and continued only if the anticipated benefits justify the risks” 

(The Principles of ICH GCP, n.d.). Thus, a participant of a clinical trial should benefit 

from the intervention rather than simply be exposed to risks. This is problematic in RCTs, 

as many Phase 1 studies use healthy volunteers to determine safety; therefore, there is no 

benefit. Personalized clinical studies would alleviate this ethical issue, as the only 

participants in the study would be those who have a disease or disorder and are in need of 

treatment.  

Importantly, it has been shown that the top 10 most profitable drugs in the United 

States only help treat between 4 and 25 percent of the people who are taking them 

(Schork, 2015). This is due to the fact that results from randomized controlled trials are 

not representative of an entire population. Drug efficacy should be held to a higher 

standard, and this is only possible with personalized treatment options stemming from 

personalized clinical research. The use of N-of-1 clinical trials is a necessary measure for 

accurately predicting the response of an individual to drugs, as they examine specifically 

how the drug will affect the patient as opposed to generalizing a drug’s efficacy to an 

individual. While there are data supporting N-of-1 trials in non-pharmaceutical fields, the 

use of these trials needs to be assessed to determine feasibility of use for drug approval in 

the United States.  

Randomized Controlled Trials Are Not Ideal for Market Re-approval 

While RCTs are necessary for drug approval, they may not always be the best 

option, as they can leave gaps in treatment if the drug does not get approved due to 



 

11 

generalization to the entire population. Additionally, if a drug is approved and then later 

removed from the market, RCTs need to be performed again to seek re-approval, which is 

a lengthy process. In 1999, the drug rofecoxib, known by its trade name of Vioxx, was 

launched by Merck as a safer option than common non-steroidal anti-inflammatory drugs 

(NSAIDs) for the treatment of pain associated with osteoarthritis (Krumholz et al, 2007). 

The mechanism of action of NSAIDs is to block types 1 and 2 cyclooxygenase (COX) 

enzymes, which, when produced, are pain-signaling. Both COX enzymes produce 

prostaglandins which, while promoting inflammation and pain, have other functions 

(Zarghi et al, 2011). Importantly, COX-1 prostaglandins contribute to blood clotting 

(Zarghi et al, 2011) while COX-2 prostaglandins are vasodilators, thus inhibitors of 

platelet aggregation (Ricciotti et al, 2011). NSAIDs bind non-selectively to both COX 

enzymes, and while this inhibition causes anti-inflammatory responses, their binding also 

causes gastrointestinal and toxic renal side effects due to the blocking of COX-2 (Zarghi 

et al, 2011). To attenuate these side effects, rofecoxib and other COX-2 inhibitors were 

developed with the intention of selectively inhibiting COX-2, thereby eliminating the 

sometimes-extreme side effects seen with non-selective inhibitors.  

Despite these selective COX-2 inhibitors being efficacious, people taking 

rofecoxib experienced extreme cardiovascular side effects, including heart attack and 

death (Zarghi et al, 2011). An estimated 60,000 people died as a result of taking Vioxx 

(Herper, 2005). Both rofecoxib and another COX-2 inhibitor, valdecoxib, were removed 

from the market, and others, including NSAIDs were asked to update their labels to 

include gastrointestinal and cardiovascular risks (Center for Drug Evaluation and 

Research, 2005). While one selective COX-2 inhibitor remained on the market, it was 
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given a black box warning to alert consumers of potential cardiovascular side effects 

(Center for Drug Evaluation and Research, 2005). As the mechanism of cardiovascular 

disease was unknown, the FDA needed to take action to protect against potential side 

effects of the drug, even if there was some underlying mechanism contributing to the 

issues.  

Further research on the mechanism of action was conducted and in 2008, a study 

was published describing “acceleration of cardiovascular disease by a dysfunctional 

prostacyclin receptor mutation” (Arehart et al, 2008). The prostacyclin receptor mutation, 

R212C, was associated with cardiovascular disease in high risk groups (those with 

underlying stress or injury) (Arehart et al, 2008). While this research was not available at 

the time the FDA suggested removing the drugs from the market, it sheds light on the fact 

that genetic testing could have prevented this situation by exposing a predisposition to 

cardiovascular risk factors. Similar genetic tests are available prior to prescription of 

another COX-2 inhibitor, Celecoxib (Dean, 2016). Further, while RCTs with companion 

diagnostic assays could be used to reintroduce the drug to the market, this is both a 

lengthy and costly process. Smaller, more personalized studies would be more beneficial, 

as they would take less time to complete and would be less expensive. It would be 

advantageous to use a different type of trial design to reintroduce this class of drug that is 

still helpful to a large majority of people, despite the extreme side effects that occurred in 

a small subset. The use of personalized studies for the purpose of drug introduction or 

reintroduction to the market should be evaluated to determine whether these studies are a 

viable option for approval.  

Randomized Controlled Trials Are Not Satisfactory for Off-Label Drug Use 
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While drugs that are approved generally work for much of the population they are 

intended for, there are instances where people taking drugs do not benefit. This leads to 

off-label drug prescription. Off-label treatment occurs when a drug is prescribed for an 

indication not included on the product label. This commonly occurs with the prescription 

of tricyclic antidepressants used to treat pain, or Ativan, an anti-anxiety drug, used to 

treat nausea as a result of cancer treatment (The American Cancer Society, 2015). While 

off-label treatment can be successful, there is a lack of information regarding the usage of 

these drugs for indications other than what they were approved for. Therefore, there is a 

higher risk of side effects or reactions due to the medication (The American Cancer 

Society, 2015).  

Currently, to obtain an additional indication for a drug, sponsors must conduct 

randomized controlled trials following the standard process previously described in order 

to prove the drug is safe and efficacious against the desired indication. This is time-

consuming and costly for the sponsor, yet may be beneficial in the end to both the 

patients and the pharmaceutical manufacturer if the new indication has a large enough 

population. However, it would be more beneficial to the patient if there was a formalized 

process for collecting information regarding off-label drug use. This information could be 

collected through clinical trials if they were to occur. Rather than conducting RCTs, an 

alternative trial design would assist in the collection of data regarding patients who are 

prescribed drugs off-label, and this information could be analyzed collectively to 

determine whether a certain drug is suitable for other indications not initially examined. 

The Rise of Personalized Medicine and the Need for More Personalized Studies 
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With the increase in popularity of personalized medicine, pharmacogenomics is 

becoming more and more important. Pharmaceuticals that gain approval status do so 

because they are proven to be effective for a statistically significant number of 

individuals. However, prescription drugs are not effective for everyone. Because of this, 

genetic screening is becoming commonplace to determine whether a drug will or will not 

be effective (Lillie et al, 2011). This is very common in cancer, where screening tests and 

companion diagnostics are being used more frequently. Upon diagnosis of breast cancer, 

the level of human epidural growth factor 2 (HER2) on the surface of cancer cells is 

measured in order to determine treatment options (HER2 Testing for Breast Cancer, 

2015). Depending on the levels of HER2 present on the tumor, HER2 targeted therapy or 

another option will be discussed (HER2 Testing for Breast Cancer, 2015). 

Further, more recent tests have been developed to measure levels of PD-L1 on 

tumor cells from patients diagnosed with non-small cell lung cancer (NSCLC) or 

melanoma. These tests, approved as either companion or complementary diagnostic tests, 

direct the patient’s physician as to whether to administer monoclonal antibody (mAb) 

therapy or use another type of treatment. While these tests are important aspects of 

determining the best treatment for patients, they more so serve to stratify groups of 

patients into responders and non-responders based on the tumor genetic makeup (Lillie et 

al, 2011).  

Other strategies aim for a more targeted approach, such as neoantigen vaccines. 

These therapies predict important tumor neoantigens that, upon administration, will 

mount an immune response to fight the tumor. Because each patient’s tumor may have 

different neoantigens, each vaccine created could potentially be different. In this case, 
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while the therapy is fundamentally the same, it is in fact different for each person. Thus, 

if personalized vaccines are given and responses are based on the individual, do trial 

design and analyses geared towards randomized controlled trials still apply? Because of 

the shift to personalized medicine, there is a large need to begin to design clinical trials 

based around the patient as an individual, not as a large comprehensive group. 

Different Trial Design is Necessary for Rare Disease Indications 

One stipulation of randomized controlled trials is a large population of interest 

which is needed to ensure enough enrollment to sufficiently power the study will be 

achieved. In the rare disease space, this is sometimes difficult to accomplish. According 

to the FDA’s Orphan Drug Act, rare disease status is defined as “any disease or condition 

which affects less than 200,000 persons in the United States” (Commissioner, 2013). The 

FDA provides financial incentives to companies who develop drugs for orphan diseases 

so that these diseases are acknowledged. Incentives include tax credits, funding, and 

market exclusivity for a seven-year period (Information for Consumers, 2016). 

There are several challenges with developing drugs for rare diseases, but the most 

evident is that the patient population can be small, therefore it is difficult to conduct 

studies that are powered adequately (Augustine et al, 2013). Patients may be located 

globally, which challenges clinical trial enrollment along with collection of data for 

natural history studies (Pariser, 2014). For diseases that do have drugs in development, 

clinical trials can become a question of morality for parents as to whether they should 

enroll their child into a clinical trial where they may be administered placebo (Augustine 

et al, 2013). RCTs are lengthy and costly to conduct, and some patients simply do not 

have the time to wait for the entire process to be completed for drug approval. While 
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accelerated approvals are offered by the FDA, there is a great need to have alternate 

clinical trials designed to fit the needs of this small patient population while maintaining 

reputability in proving efficacy. 

N-of-1 Clinical Trials 

An alternative to randomized controlled trials, used often in education or learning 

settings for behavioral or psychological assessments, is N-of-1 clinical trials (Lillie et al, 

2011). N-of-1 trials focus on intervention results for the patient as an individual rather 

than in a group setting. Although not typically pursued in a medical setting, with the rise 

of precision medicine, this type of trial design could prove to be fruitful and would 

address many of the issues the industry is faced with regarding RCTs. Because N-of-1 

trials are focused on the individual, they provide more accurate treatment options for the 

patient, as the patient is not simply receiving a drug that has been generalized to an entire 

group of individuals. The patient’s own data will help to decide the treatment plan that is 

best suited for that individual (Lillie et al, 2011), consequently generating stronger 

evidence-based data that the best treatment is being administered. Further, this type of 

trial design would be less expensive in terms of cost per patient, as costs average $36,500 

per patient for RCTs (Biopharmaceutical Industry-Sponsored Clinical Trials: Impact on 

State Economies, 2015) as compared to an estimated cost per patient of less than $2,000 

for N-of-1 participants (Scuffham et al, 2008). This is due to the increase of the use of 

Contract Research Organizations (CROs) for RCTs for the management and facilitation 

of clinical trials along with the shift to principal investigators who are non-academic 

physicians in the private sector (Bothwell et al, 2006). N-of-1 trials are also faster to 

complete than RCTs, as timelines depend on the individual only, not a large group of 
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people. Thus, the time a patient needs to wait before he can be prescribed treatment could 

decrease from years to months, depending on the length of the intervention. 

N-of-1 trial design is derived from standard design strategies used in randomized 

controlled trials, ensuring design integrity is not lost (Lillie et al, 2011). However, what is 

unique about N-of-1 trials is that the design can be agreed upon by physician and patient. 

Despite this, trials are designed to ensure safety, which is measured throughout the trial, 

similar to RCTs. (Lillie et al, 2011). Dosing periods are likewise determined, along with 

whether washout periods will or will not occur (Kravitz et al, 2014). Randomization, an 

important piece of design intended to avoid bias, can still be used in terms of order of 

administration of the intervention, whether it be placebo or drug product. This is 

important in N-of-1 trials, as attaining balance in the assignment of intervention will help 

to prevent bias from confounding factors that may affect the trial outcome. This could be 

achieved by alternating the administration of treatment A and treatment B, for example: 

ABBABAAB (Kravitz et al, 2014). In this case, the patient is exposed to one treatment 

followed directly by the other, which allows for a direct comparison to be made between 

treatments. These treatments are then repeated and data is collected again to protect 

against random error. Whereas sample size is important for RCTs to achieve significance, 

repetition is important in N-of-1 trials (Kravitz et al, 2014). Blinding is suggested for N-

of-1 studies and, for studies involving drugs, is possible by compounding the different 

interventions in the same manner (Kravitz et al, 2014); however, this is not always a 

feasible option.  

While N-of-1 trials have been used in other fields, their presence in the 

pharmaceutical industry is scarce. However, they are a compelling alternative to 
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randomized controlled trials for diseases that have small populations or in the case of 

personalized medicine. Their use could facilitate the treatment of patients by finding the 

right treatment in a shorter period of time and eliminating the chance that the patient is 

only administered placebo (Lillie et al, 2011). Further, the cost to sponsors could 

decrease, as trial expenses may not be limited to one institution and could be distributed 

amongst many depending on patient location. Additionally, the design of these trials can 

be more heterogenous than in RCTs, providing that objective evidence which promotes 

one intervention over another is found (Lillie et al, 2011). Despite these benefits, research 

is needed to determine whether these types of trials are feasible for the pharmaceutical 

industry and, if so, how precedent will be set for the incorporation into the FDA approval 

process for a drug, biologic, or medical device.
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Chapter II. 

Case Study Methods 

This case study will analyze the components of N-of-1 clinical trials and assess 

how well established and suitable they are for use of pharmaceutical approval by the 

FDA. Initially, the foundation for the application of N-of-1 trials will be established by 

evaluating key factors such as trial design, statistical analysis, and regulatory 

considerations. Examples of N-of-1 trials will be presented and analyzed in order to fully 

understand how they can be applied. N-of-1 studies that have been used for exploratory 

research or feasibility studies will be assessed, as they represent instances where N-of-1 

trials were used in pharmaceutical settings.  

Next, the need for N-of-1 trials as opposed to the use of randomized controlled 

trials will be investigated to further strengthen the argument. N-of-1 clinical trial design 

will be analyzed to determine how it can benefit products that are currently in 

development, such as drugs for rare diseases or in the cancer field, or how they could 

have served as beneficial to products that have already completed clinical trial studies. 

One or two drugs will be examined and N-of-1 trial design will be applied to these 

products. The benefits and disadvantages of using this alternative trial design for product 

approval will be assessed based upon justifications found in the literature promoting N-

of-1 trials over RCTs. While these justifications represent trial design in general, in this 

analysis, they will be applied to specific cases and expanded upon to prove the value of 

N-of-1 trials.  
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Finally, a high-level financial overview of N-of-1 clinical trials will be examined 

to assess the readiness of determining the economic impact of an intervention on a per 

patient basis as opposed to a group of patients. The ability to determine the value of N-of-

1 clinical trials from a cost perspective will be evaluated by comparing the evaluation 

method to the established method for randomized controlled trials. As a result of this case 

study, recommendations will be made regarding the development, implementation, and 

utilization of N-of-1 clinical trials in the licensure of pharmaceutical products. 
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Chapter III. 

Results 

N-of-1 clinical trials are a relatively new type of trial design that is beginning to 

be explored in the pharmaceutical industry. With the increase in treatments centered 

around the patient as an individual, there is a need for the exploration of a clinical trial 

design that reflects personalized treatment. Traditional N-of-1 trials are most effective 

and applicable for chronic diseases with treatments that do not have long-lasting effects, 

such that treatments can be alternated and results generated in a period that is not time 

consuming for the patient (Duan et al, 2013). These are prospective studies that can be 

placebo-controlled.  

To maintain clinical trial integrity, randomization and blinding should be included 

in the trial design. In the case of N-of-1 trials, the trial participant receives the treatments 

in question in a repeated fashion over the course of a specified period. For example, 

subjects receiving two different treatments, A and B, would be randomized to these 

treatments prior to administration. While there are many options for treatment 

assignment, balance in randomization is important in the design of N-of-1 trials to avoid 

bias in outcomes of treatment that could be generated in a time-dependent manner due to 

clinical or environmental effects (Kravitz et al, 2014). A strong randomization scheme is 

ABBABAAB in order to avoid potential confounders (Kravitz et al, 2014).  

While it is possible to treat the patient with each therapy just once in order to look 

for an effect, repetition is needed in order to design a more powerful study that is free of 
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errors. As this type of trial design includes just one subject, more data points are needed 

for increased power. Thus, increasing the amount of times a subject receives a treatment 

increases the confidence that the results generated are accurate. When possible, these 

studies should also be blinded to provide more integrity and limit the amount of bias 

present in the study. 

Another consideration of N-of-1 trial design is the washout period. Washout 

periods are used in RCTs prior to drug administration in order to remove any potential 

effects from other drugs taken prior to enrolling in the trial. N-of-1 trials do not need to 

include washout periods if the drug has a short therapeutic half-life (Kravitz et al, 2014). 

If this is not the case, adequate washout periods must be included in order to ensure that 

the effects from one treatment segment do not affect the subsequent treatment. However, 

the benefit of not using a washout period is that the patient does not have to go without 

treatment for any period of time. An important consideration when assessing different 

drugs in an N-of-1 design is lasting effects that could be caused by one drug that may 

affect the second drug. If this is the case, washout periods become critical for clinical trial 

design (Kravitz et al, 2014).  

Currently, N-of-1 trials are more commonly used in clinical practice, where a 

patient and doctor use the design to determine which treatments are most efficacious and 

beneficial to the patient. While this is a practical way to use these trials, they are 

beginning to be explored more in clinical trial applications for drug development and 

could be applied further than clinical practice for use in clinical research. Regulations for 

filing single patient INDs have been set forth by the FDA as part of the Code of Federal 

Regulations (CFR) (Code of Federal Regulations, 2016). Often, single patient INDs are 
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filed by physicians for cases of compassionate use. Part 312.310 of CFR21 outlines the 

requirements for filing these INDs. Additionally, part 312.315 discusses the filing of 

INDs for intermediate-sized groups of patients, which could be the preferred filing mode 

if there are many single patient INDs filed for the same investigational drug (Code of 

Federal Regulations, 2016). The existence of these regulatory processes were developed 

for the purposes of clinical practice; however, they have application for clinical 

development and should be explored further for these cases.  

Applications of N-of-1 Clinical Trials for Pharmaceutical Evaluation 

Despite being uncommon, there have been individual patient trials that have been 

performed to evaluate the feasibility of their use for clinical development. Many different 

conditions have been evaluated in single case designs, a few of which will be 

summarized in order to understand the different methods of their applications.  

In March 2014, an N-of-1 trial was registered in the United Kingdom to determine 

the effect of ephedrine as an add-on therapy for patients suffering from myasthenia gravis 

(MG). Myasthenia gravis is a rare autoimmune disease affecting neuromuscular 

transmission due to the production of auto-antibodies against the neuromuscular junction 

(Vrinten et al, 2015). Clinical symptoms of this disease are fluctuating muscle weakness 

and fatigue, both of which cause interruptions in daily activities (Vrinten et al, 2015). 

Typically, acetylcholinesterase inhibitors (AChEIs) are used to treat MG by enhancing 

neuromuscular transmission by blocking the enzyme responsible for breaking down 

acetylcholine; however, not all patients respond. Those that do not are reliant upon high 

doses of corticosteroids or other immunosuppressive medication which can lead to 

serious side effects. Previous clinical observations by Vrinten et al, a group from the UK 
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and The Netherlands who initiated this trial, have described the use of ephedrine, a 

substituted amphetamine, as a combination therapy with AChEIs or low doses of 

prednisone as a preferred alternative to second line treatment. Mechanism of action and 

effects have been studied yet are not well understood. However, this combination therapy 

seems to be well-tolerated by patients. (Vrinten et al, 2015).  

While there was a potential benefit with ephedrine, it had not been fully evaluated 

in a RCT and therefore could only be used off-label. Off-label usage is not ideal as it can 

cause issues with reimbursement and access. Further, as a rare disease, the patient 

population of those suffering from MG who could benefit from this treatment may not be 

large enough to conduct a well-powered RCT, which is where N-of-1 trials could be 

applicable. As part of a project aiming to investigate whether N-of-1 trials are an 

appropriate means of achieving market approval and reimbursement, Vrinten et al and 

their groups from University College London and various University Medical Centers in 

The Netherlands examined the use of ephedrine as an add-on treatment to AChEIs in an 

N-of-1 format. 

The study was designed as follows: each patient participated in a randomized, 

placebo-controlled, double-blinded, multiple crossover N-of-1 trial which was followed 

by an optional open-label extension phase (Vrinten et al, 2015). Three cycles consisting 

of two one-week long treatments per cycle were aimed to be completed per patient, 

totaling six weeks of treatment per patient. The order of ephedrine and placebo treatments 

was randomized, and treatment was administered for five days with a two-day washout 

period. Following treatment, a four-week evaluation period consisting of data analysis, 

feedback of results to patient and physician, and trial evaluation occurred. The study 
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population consisted of adult patients with generalized MG as confirmed by a positive 

serological test for acetylcholine receptor antibodies whose disease status had not 

progressed with prior treatments of pyridostigmine alone or in combination with low-

dose prednisone or other immunosuppressive drugs and who were able to tolerate 

ephedrine. A sample size of four patients was used (Figure 1), which resulted in a study 

that was 77% powered. Efficacy was assessed based upon the performance of ephedrine 

versus placebo as measured by the Quantitative Myasthenia Gravis (QMG) score. In 

addition to secondary objectives pertaining to treatment effect, acceptability of N-of-1 

trial design and execution was also assessed (Vrinten et al, 2015). 
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Figure 1: CONSORT Flow Diagram for N-of-1 trial 

CONSORT Flow Diagram for N-of-1 trial to assess the use of ephedrine as an add-on 
treatment to acetylcholinesterase inhibitors for the treatment of Myasthenia Gravis (Lipka 
et al, 2017). 

As a result, a mean improvement in QMG score was observed (increase of 1.0) in 

the ephedrine as add-on treatment group versus placebo (Lipka et al, 2017). This 
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improvement was significant in terms of both the trial average treatment effect and the 

population treatment effect. A trial average treatment effect on secondary endpoints was 

also seen upon administration of ephedrine; however, no treatment effect was seen at a 

population level. Further, the trial showed the treatment to have a good safety profile, 

with most adverse events occurring on days the subjects received treatment. After the 

trial was completed, three of the four patients decided to continue with ephedrine as an 

add-on treatment in an open-label phase (Lipka et al, 2017). 

As an assessment of the trial design and execution, different standpoints were 

examined to determine the feasibility of N of 1 trials (Weinreich et al, 2017). While no 

time was saved in terms of IRB approval procedures and trial registration as compared to 

a larger clinical trial, the trial overall was reported as easy to conduct. This study also 

determined that “a series of N-of-1 trials can be a very effective study design to detect 

even a small effect in a small patient population by replacing the large variance between 

patients in standard RCTs with smaller variance within individual patients” (Lipka et al, 

2017). While a small number of single patient trials was performed (four), performing 

statistical analyses to examine both population and trial average effects allowed for 

extrapolation to the entire population suffering with MG. 

In another study, Nikles et al, a group from Australia, assessed the feasibility of 

the N-of-1 trial design approach to evaluate palliative care treatment for advanced cancer 

patients. Many patients who are suffering from this disease experience xerostomia, or dry 

mouth. While there are treatments available to increase saliva production, Nikles et al 

wanted to investigate whether pilocarpine, a cholinergic agent used to treat open-angle 

glaucoma, would be an effective means of treatment of xerostomia. The group focused on 
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a N-of-1 trial design rather than a randomized controlled design due to the small patient 

population that is affected. With a half-life of less than an hour, pilocarpine is a good 

candidate for N-of-1 trials (Nikles et al, 2015). This study focused on buccal 

administration of the drops, as a pill form of Pilocarpine was not available. 

Adults with advanced cancer and a dry mouth score of greater than 3 on an 11-

point scale were enrolled in the study and were given both pilocarpine and placebo drops, 

each to be administered three days at a time for three cycles (Figure 2) (Nikles et al, 

2015. The primary endpoint of this study examined average xerostomia in a 24-hour 

period, measured by a numerical rating scale (NRS) for dry mouth. Secondary outcomes 

were also examined to assess the ease of administration of the medication, looking at 

dysphagia and dysgeusia. Subjects were randomized and all participants in the trial, 

including trial staff, were blinded. As the main purpose of this study was to assess 

feasibility of the N-of-1 design with this treatment, only 20 participants were required. 

However, 70 patients were needed in order to measure a definitive effect (Nikles et al, 

2015). 
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Figure 2: Study schema for N-of-1 trial 

Study schema for N-of-1 trial assessing pilocarpine drops for the treatment of xerostomia 
in patients with advanced cancer (Nikles et al, 2015). 

While 20 subjects were recruited for this study, withdrawals from the trial (not 

related to the medication) resulted in only five participants completing all three cycles; 

however, one of the five subjects did not have a complete data set (Nikles et al, 2015). Of 

the four subjects, there was a 50 percent response rate based on xerostomia NRS 

measurements. Side effects of each treatment were similar, thus there was no indication 

that trial participants were unblinded in any manner. However, due to positive response 

to the medication, participants were able to correctly identify which medication they 

received in most cases (Nikles et al, 2015). Despite there being issues with withdrawals 

from this feasibility study, results could still be used to assess design and conduct of 
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future proposed trials involving pilocarpine to combat dry mouth in palliative care 

situations. 

Another palliative care situation in which N-of-1 trials were used to assess 

treatment in cancer patients was the use of Methylphenidate hydrochloride (MPH) to treat 

fatigue (Mitchell et al, 2015). Fatigue is a common side effect of cancer and subsequent 

treatment and can affect the patient’s quality of life. Sixty to ninety percent of patients 

with advanced cancer suffer from fatigue. This group examined the effect of MPH, a 

central nervous system stimulant, on reversing fatigue. MPH stimulates the central 

nervous system by increasing extracellular dopamine levels through blocking the 

dopamine transporter in the presynaptic membrane. There have been previous studies 

involving MPH as a treatment for fatigue, some showing improvements and others 

showing no effect. Due to a small sample size, RCTs are difficult to conduct for this 

population. Thus, Mitchell et al explored the use of N-of-1 trials to evaluate the use of 

MPH to treat fatigue in patients with advanced cancer. While data are generated for each 

individual trial, aggregation of data from all trials can occur in order to determine an 

effect on a population level, thereby becoming more similar to a RCT. This N-of-1 study 

was conducted to determine whether there was a population effect of treatment with 

MPH compared with placebo in decreasing fatigue in patients with advanced cancer. The 

assessment of the feasibility of conducting the N-of-1 trials in a palliative care situation 

was a secondary objective (Mitchell et al, 2015). 

The trial was designed to compare MPH treatment to placebo in a double-blind, 

crossover fashion (Mitchell et al, 2015). Three cycles of drug administration periods 

occurred, with each drug being administered for 3 days per cycle. Subjects were enrolled 
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in the trial if they were a minimum of 18 years old, had a diagnosis of advanced cancer, 

and a screening fatigue score of at least 4 out of 10 and had a stable treatment regimen 

that was unlikely to influence fatigue. Treatment order was randomized for each N-of-1 

trial and fatigue was measured via a daily diary using the Functional Assessment of 

Chronic Illness Therapy-Fatigue (FACIT-F) subscale and the Wu Cancer Fatigue Scale 

(WCFS). Subjects were defined as responders if MPH administration was favored over 

placebo in all three cycles. In order to have the study powered similarly to what would be 

necessary for a RCT to achieve statistical significance, a minimum of 21 subjects were 

needed to complete the trials. While 43 patients were recruited, due to withdrawals, only 

24 completed all three cycles, thereby having enough patients enrolled to provide 

statistical significance (Figure 3).  

 

Figure 3: Withdrawal schema for aggregated N-of-1 study 
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Withdrawal schema for the aggregated N-of-1 study to determine the effect of MPH as a 
treatment for fatigue in cancer patients (Mitchell et al, 2015). 

Data were analyzed two ways: the first was to assess treatment responses for 

individual subjects based on the FACIT-F subscale, while the second was to analyze a 

possible population effect by aggregating results from all N-of-1 trial patients (Mitchell et 

al, 2015). This aggregated analysis was performed using Bayesian statistical methods. A 

positive response was determined from a population perspective when “the posterior 

probability of the mean difference favoring the treatment exceeded 0.975” (Mitchell et al, 

2015). Likewise, a negative response was determined when this value was less than 0.25 

(Mitchell et al, 2015). 

From a population standpoint, no difference between MPH and placebo was seen 

using either the FACIT-F scale or the WCFS scale (Mitchell et al, 2015). However, eight 

subjects did see an individual improvement with both scores, seven saw an improvement 

with only the FACIT-F score, and three participants saw an improvement in fatigue using 

only the WCFS score. Only one subject experienced a decrease in symptoms using both 

scales (Mitchell et al, 2015).  

While this trial was able to demonstrate that MPH does not have an effect on 

fatigue for patients with advanced cancer as compared to placebo at the population level, 

it does reveal that MPH was effective for certain individuals. It also demonstrates that a 

population level analysis can be performed with aggregated data from N-of-1 clinical 

trials and can reach the same level of power generated by a RCT. This type of trial and 

analysis demonstrates the application of N-of-1 trials in clinical development or for the 
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purposes of off-label studies and validates their use as compared to RCTs in terms of 

statistical power.  

Recently, an N-of-1 study was used during the clinical development process of a 

drug that initially gained market approval in 2012 and was approved for expanded use in 

more specific patient populations in 2017. In September 2012, an N-of-1 study was 

initiated by Vertex Pharmaceuticals in Cambridge, MA to study the effects of ivacaftor 

on lung function in patients with cystic fibrosis, residual CFTR (cystic fibrosis 

transmembrane conductance regulator) function, and a FEV1 (forced expiratory volume 

in one second) of greater than or equal to 40% predicted (Pilot Study, 2012). This was a 

Phase 2 crossover study enrolling 24 participants in a randomized, double-blind fashion. 

Patients received either placebo or ivacaftor over two week periods (one cycle), followed 

by a minimum of a four week washout period between cycles. Four study arms with 

different randomization schemes were included in the trial design. Most patients 

participated in all seven periods included in the study. An eight-week open-label period 

was included at the end of the study in which patients received study drug only. The full 

data analysis set included all participants who received at least one dose of either 

ivacaftor or placebo (Pilot Study, 2012). While ivacaftor (KALYDECO®) was already 

approved when this study began, it is a strong example of how N-of-1 trials can be used 

to obtain further indications for the product label. 

Methods of Statistical Analysis for N-of-1 Trials: Applications at the Individual and 

Population Levels 

Randomized controlled trials typically use frequentist, or classical, statistics for 

study design and data analysis. Frequentist statistics refer to hypothetical frequencies that 
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are predicted using an assumed statistical model (Greenland et al, 2016). This type of 

statistics is used to determine an observed significance level (“P” value) to evaluate the 

certainty or uncertainty level of a test hypothesis expressed in terms of frequency 

probability values. This value acts as a statistical summary of the observed data predicted 

by a statistical model of assumptions and measures the distance between these two values 

(Greenland et al, 2016). While most commonly used for the analysis of drug efficacy for 

RCTs, these methods of analysis are applicable for use only for trials with a certain 

sample size and using certain models (Wakefield, 2013). In the case of N-of-1 studies, 

other statistical methods are needed to analyze studies with a small sample size number 

and should be able to be further expanded to examine an effect at both the individual and 

population level. For this type of analysis, Bayesian statistics can be used. 

Bayesian statistics apply probabilities to statistical problems and allow for the 

incorporation of prior knowledge to these probabilities (Gupta, 2012). Parameters are 

treated as random variables, and uncertainty surrounding them is expressed as probability 

distributions. Therefore, statements can be made regarding whether the parameter falls 

within a certain interval (Swaminathan et al, 2014). For example, in frequentist statistics, 

the mean either is or is not a fixed value, whereas in Bayesian statistics, the mean can be 

greater than a certain value (Rindskopf, 2014). Bayesian models are based upon prior 

distribution, or prior knowledge of a parameter. This information is used in the statistical 

model to determine the posterior distribution, or the resulting analysis (Eguchi et al, 

2008). Mathematical methods are utilized to calculate the possibility of a future event 

based upon knowledge of a past event. While frequentist statistics incorporate prior 

knowledge at the clinical trial design stage only, Bayesian statistics use this information 
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during the design phase, clinical trial, and also at the analysis stage (Gupta, 2012). There 

are five different components of Bayesian statistics: the likelihood principle, posterior 

probabilities, predictive probabilities, exchangeability of trials, and decision rules. Under 

the likelihood principle, information from two sources is used: sample data and prior 

distribution. This differs from the frequentist statistics method in that only sample data is 

used. Posterior probabilities represent prior knowledge from previous distributions, while 

predictive probabilities create predictive distributions which assist with making clinical 

decisions and predicting clinical outcomes. Exchangeability of trials allows for the 

current trial to “borrow strength” or combine results from previously conducted trials in 

order to attain estimates of different parameters of interest for the trial at hand (Gupta, 

2012). Finally, decision rules in Bayesian statistics are used to determine an action to take 

given the observations made.  

Bayesian statistics are attractive to use for small clinical trials, as trials with a 

small population may not be capable of generating all evidence necessary for effective 

hypothesis testing as is needed with frequentist statistics (Medicine, 2001). Further, 

because of the small sample size, use of prior knowledge is practical as it improves the 

estimates for each case (Rindskopf, 2014). Bayesian statistics also provide more direct 

answers (Lee et al, 2012) and flexible probability statements (Rindskopf, 2014). Because 

of its applicability to small clinical trials, Bayesian analysis is extremely relevant to N-of-

1 clinical trials and is continuing to be explored for their use. 

While analyses can be performed for individual patients involved in N-of-1 

studies to determine the effect of interventions on a single subject level, there is likewise 

a need to determine a population effect. This can be achieved through meta-analysis. 
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Meta-analysis is a method of providing a quantitative summary of the effect of an 

intervention based on pooled data analysis from multiple clinical trials (Sutton et al, 

2001). There are two commonly used methods for meta-analysis: fixed effects and 

random effects models. The fixed effects method functions under the assumption that 

“each observed individual study result is estimating a common unknown overall pooled 

effect,” while the random effects model assumes that “each individual observed study 

result is measuring its own unknown underlying effect, which in turn are estimating a 

common population mean” (Sutton et al, 2001). Because the random effects model 

measures effects from both the individual and population levels, both intra- and inter-

study variability can be assessed and is typically used (Sutton et al, 2001). This type of 

analysis can be applied by combining data and analyses from multiple clinical trials in 

order to obtain evidence for statistical significance at the population level (Gupta, 2012). 

The concept of meta-analysis is easily demonstrated with use of Bayesian statistics due to 

exchangeability of trials; Bayesian analysis can apply prior distributions from other trials 

to increase validity. However, any prior information used should only occur during the 

planning of the trial design and should be based on empirical evidence rather than 

opinion so as to avoid introduction of potential bias or call into question the validity of 

results obtained from the trial (Gupta, 2012). 

Several groups have demonstrated that meta-analysis of N-of-1 studies can be 

used to make population level claims from individual patient studies. By combining 

analyses, additional subgroups within the data can be explored along with specific patient 

factors contributing to the effect (Punja, Xu et al, 2016). Meta-analyses of individual N-

of-1 data is important because it allows for the investigation of a group mean effect in 
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addition to the individual patient effect which is inherently present in the trial design, 

differing from RCTs whose analysis functions to treat all patients similarly and does not 

take into account the individual effects a drug may have on a patient.  

Further, meta-analysis including both N-of-1 and RCTs was investigated by Punja 

et al for two interventions to treat pediatric ADHD. N-of-1 data used in this study were 

acquired through database searches of previously conducted studies using amphetamines 

and methylphenidate as treatment (Punja, Schmid et al, 2016). RCT data was obtained 

through a database search from a previously conducted review of amphetamine versus 

placebo. To perform the meta-analysis, means for both placebo and intervention were 

calculated for each N-of-1 trial before being combined using a random effects model to 

produce an overall standard error. Likewise mean of placebo and intervention were also 

calculated for each included study. These data were then combined under a random 

effects model using standard error (Punja, Schmid et al, 2016).  

Data from the meta-analysis were examined as RCT data alone and RCT and N-

of-1 trial data combined (Punja, Schmid et al, 2016). As a result of their analysis, the 

group was able to achieve higher precision in relation to their effect estimates and 

increase the power of the study by including more data points. While this study focused 

on a method of analysis for N-of-1 and RCT data, it also reinforced the importance of 

meta-analysis of N-of-1 data to estimate a population effect of an intervention. 

Reporting N-of-1 Clinical Trial Data 

Guidelines have been established for the reporting of data and results from 

randomized controlled trials and are widely used in publications. These guidelines, called 

CONSORT statements, are prepared at the conclusion of the clinical trial by statisticians. 
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CONSORT, or Consolidated Standards of Reporting Trials, statements are comprised of 

a checklist and diagram that are intended to provide information pertaining to the trial, 

such as design, management, data analysis, and validity of the results (Schulz et al, 

2011). CONSORT statements were put into place in order to standardize and improve 

reporting of RCTs by suggesting the minimum amount of information required for 

accurate reporting (Schulz et al, 2011). These statements are only effective if the above 

information is reported accurately by a sponsor. 

The CONSORT statement was initially developed in 1996 as a result of poor 

reporting of clinical trial results (Schulz et al, 2011). Since its implementation, it has been 

revised twice, focusing on two group, randomized, parallel studies, accounting for the 

most common trial type. CONSORT statements consist of two items: a flow chart 

describing enrollment, allocation, follow-up, and analysis (Figure 4), and a checklist of 

information to include for reporting/publishing purposes (Figure 5) (Schulz et al, 2011). 
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Figure 4: CONSORT statement flow diagram  

Diagram outlining design, execution, and analysis of clinical trial, to be completed after 
trial has been completed (Schulz et al, 2011). 

Because this is not the only type of clinical trial design that can be executed, 

reporting practices for other types of trials have been outlined in the form of extensions. 

In addition to trial design, extensions are also available for certain interventions (for 

example: non-pharmacologic treatment interventions and acupuncture) and data (for 

example: harms and abstracts) (CONSORT, n.d.). While there are official extension 

statements available, the list is constantly being developed to provide guidance where it is 

needed. 
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Figure 5: CONSORT statement checklist 

CONSORT statement checklist, describing pertinent information that should be included 
in clinical trial reporting for consistency purposes (Schulz et al, 2011). 
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If individualized patient trials are to be used more frequently and used as a means 

for analyzing market pharmaceuticals, standards surrounding the reporting of data and 

trial management should be similar to the reporting of RCTs. However, to date, there has 

been inconsistencies in reporting of N-of-1 trials in terms of information disclosed 

(Vohra et al, 2015). As a result, an add-on to the CONSORT statement has been 

developed for N-of-1 trial reporting, called CONSORT extension for reporting N-of-1 

trials (CENT) 2015. These guidelines provide direction for the complete reporting of both 

individual patient trials and a series of multiple N-of-1 trials (Vohra et al, 2015). Of the 

25 items included in the CONSORT 2010 checklist, the CENT guidelines expands on 14. 

Many of the items expanded upon in the extension provide clarification regarding 

information pertaining specifically to N-of-1 design, such as rationale for using the 

design, a more specific methods section, and further details on randomization and 

statistical analysis methods. Changes and additions to CONSORT in the form of CENT 

are found below (Figures 6 and 7).  
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Figure 6a: Adaptations made to CONSORT 2010 statement  
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CENT 2015 for N-of-1 clinical trials was developed based upon CONSORT 2010 
guidelines for randomized controlled trials. Differences between the two guidelines are 
shown (Vohra et al, 2015). 

 

Figure 6b: Adaptations made to CONSORT 2010 statement (continued) 

CENT 2015 for N-of-1 clinical trials was developed based upon CONSORT 2010 
guidelines for randomized controlled trials. Differences between the two guidelines are 
shown (Vohra et al, 2015). 
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.  

Figure 7: CONSORT CENT diagram 

Example of CONSORT CENT diagram for N-of-1 trial design from Vohra et al, 2015. 

Establishing reporting guidelines for N-of-1 trials is a result of the gaining of their 

popularity within the research community. As there is more structure and validity 

surrounding the trials, this helps make a stronger case for the reputability of performing 

them. While establishing these guidelines for individualized patient trials is not necessary 

for market approval, it is necessary to report quality clinical data, and the institution of 

this extension for N-of-1 design will allow sponsors or researchers to do so, providing the 

same high quality level of reporting as Randomized Controlled Trials. 

Regulatory Considerations for N-of-1 Clinical Trials 
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Regulatory pathways for drugs investigated though use of randomized controlled 

trials are well established and utilized. As RCTs are the most common clinical trial, both 

FDA and sponsors have the most experience with drug approval using these types of 

trials. While this process is typically straight-forward with large trials, it becomes more 

challenging in the case of rare diseases. Despite a small sample number, drugs for rare 

diseases are still approved, yet they need to be considered differently than standard 

RCTs, as there are many differences. First, there is limited opportunity to conduct and 

perform repeatability due to small patient numbers. Another common issue with small 

sized clinical trials is the lack of power of a study due to small sample size. This is 

expressly the case with clinical trials for rare disease drugs, as the number of subjects 

with the disease is low and patients may be dispersed around the world, therefore causing 

difficulty with enrollment and the inability to attain a well powered study. 

Despite these challenges, drugs for rare diseases do gain approval. The FDA has 

approached drugs for the rare disease space by recognizing that drug development for 

rare diseases may not be as straightforward as drug development for common diseases 

(FDA draft guidance for industry (Rare Diseases), 2015). Flexibility in their regulatory 

requirements for drugs for rare diseases may be provided contingent upon the trials 

proving effectiveness and being adequate and well-controlled (FDA guidance for industry 

(Rare Diseases), 2015). While there are not currently any regulatory guidances for N-of-1 

trials, they could be developed if there is a need. The FDA has provided guidances for 

trials with small populations and outlines important factors for filing INDs and 

conducting trials. Well-designed, adequate clinical trials should always be conducted in 

order to be considered legitimate, even for trials with small populations. Prior to 
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submitting an IND, as much knowledge about the disease as possible should be gathered 

though natural history studies and translational research (Pariser, 2014). 

Another type of trial for which the FDA provides guidance is adaptive design 

clinical trials. Adaptive design clinical trials allow for changes to occur to at least one 

aspect of trial design as a result of interim analyses of the clinical trial data. Alterations to 

trial design, such as dosing schedule or amount of dose, can occur if necessary. The need 

for adaptive clinical trial design came about in order to enhance study efficacy in a 

regulated manner (FDA draft guidance for industry (Adaptive Trials), 2010). The 

adaptive trial must be prospectively designed, outlining when interim analyses will occur 

and whether they will be blinded or unblinded. The prospective nature of the adaptive 

design minimizes the potential for introduction of bias into the study by an unblinded 

analyst. Thus, potential changes are outlined prior to unblinded analysis and no other 

changes to the study may take place if they were not initially included. The clinical trial 

protocol and statistical analysis plan (SAP) must both be written prospectively (FDA 

draft guidance for industry (Adaptive Trials), 2010). The adaptive design guidance was 

released by the FDA, as they saw a need for it for the gaining of product licensure. This is 

applicable to the potential use of N-of-1 studies, as it exemplifies how the FDA creates 

guidances and adapts regulations to the needs of the field. 

How N-of-1 Can Benefit Drug Approval 

Santhera Pharmaceuticals is a Switzerland-based company developing medicines 

to address mitochondrial disorders along with other rare diseases. Specifically, they focus 

on developing drugs for neuromuscular diseases that do not have treatment options. 

Branded as Raxone, idebenone is a drug developed to treat patients with Duchenne 
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Muscular Distrophy (DMD), an X-linked genetic disease developing mainly in boys at 

age 3-5. Symptoms of DMD are progressive muscle weakness caused by the loss of 

dystrophin, a protein in muscle cells (Santhera Pharmaceuticals, n.d.). The loss of 

dystrophin ultimately leads to mitochondrial dysfunction and therefore reduced energy 

production in muscle cells, causing weakness and loss of muscle tissue. Respiration is 

affected over time as the disease progresses, leading to respiratory insufficiency, or a 

deterioration in respiratory function, and ultimately death. Because of this, patients 

suffering with DMD are more prone to respiratory infections and may need support in 

order to breathe (Santhera Pharmaceuticals, n.d.). 

Raxone reverses decreased energy production by mitochondria by acting as an 

electron carrier, which provides energy to the mitochondria in the form of electrons 

(DuchenneConnect, 2017). The increase in energy production by mitochondria will in 

turn lessen pulmonary fatigue and loss of function (DuchenneConnect, 2017). While 

glucocorticoids are most commonly prescribed to slow the loss of pulmonary muscle 

weakness and function, not all patients are responsive to the treatment, and side-effects 

restrict their use, specifically in non-ambulatory patients (Buyse et al, 2015). 

In July 2009, Santhera began a Phase 3, double-blind, randomized, placebo-

controlled study examining the safety and efficacy of administration of Raxone to males 

ages 10-18 who suffer from DMD and had not taken glucocorticoid therapy in the prior 

12 months (Phase III, 2009). Patients were enrolled at multiple sites across Europe and 

North America and were administered either placebo or idebenone three times daily (total 

daily dosing of 900mg per day). The primary endpoint of this study measured change in 

respiratory muscle strength from week 52 as compared to baseline using a measurement 
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of Peak Expiratory Flow (PEF) as percentage predicted (PEF%p) by hospital-based 

spirometry (Phase III, 2009). Efficacy was also evaluated at three other time points: week 

13, week 26, and week 39. Subjects were randomized 1:1, with 31 patients receiving 

idebenone and 33 receiving placebo (Buyse et al, 2015).  

After 52 weeks, idebenone showed a statistically significant increase in muscle 

strength over placebo (Buyse et al, 2015). While a randomized controlled trial was used 

in this instance, an N-of-1 design could have been applied to this case. By enrolling 

subjects into individual trials, a direct comparison of drug and placebo could have been 

made for each subject, eliminating the need for half of the trial population to receive 

placebo only and not benefit from the administration of a drug. Ethically, the duration of 

administration of placebo in this case causes concern due to the advanced state of the 

children suffering from DMD (Buyse et al, 2015). Further, sample size was a limitation 

of the study, as the patient population selected was comprised of children who were not 

taking glucocorticoids as treatment. By using Bayesian statistical analyses and repetition 

of treatment within an individual, a smaller sample size would be able to power the study 

sufficiently enough due to multiple measurements made in each individual. Because the 

effects of the drug are short-lasting, it makes for a good candidate for observation in N-

of-1 as there can be a short washout period. While this RCT did prove to be successful in 

demonstrating an effect of Raxone, individual patient trials could have been a more 

ethically appealing alternative. 

Re-introduction of Banned Drugs to the Market: the Role of N-of-1 

There are instances where FDA removes drugs from the market due to safety 

issues. However, there have not been many occasions of drugs being reinstated after 
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being removed. In 2002, the first drug to be placed back on the market by FDA was 

Lotronex (alosetron hydrochloride), a drug marketed by GlaxoSmith Kline (GSK) to treat 

severe irritable bowel syndrome in women who suffered from intense diarrhea symptoms 

(Overview of Selected Issues, 2002). On February 9, 2000, Lotronex was introduced to 

the market. Despite its projections to be a blockbuster drug, within eight to nine months, 

the drug was voluntarily removed from the market by its sponsor due to safety concerns. 

Patients were reporting severe complications, including constipation and ischemic colitis, 

and, as a result, deaths occurred. Soon after the removal of this product, patients began 

expressing the necessity for the drug to control the symptoms of their condition, and on 

April 9, 2001, a petition was brought to the FDA by the Lotronex Action Group to have it 

brought back to market (Overview of Selected Issues, 2002). One year later, the FDA 

called an advisory committee meeting to discuss the safety and risk-management and 

advise them on whether the drug should be reintroduced to the market. 

After Lotronex was removed from the market, new clinical data, along with 

adverse events, from ongoing or discontinued trials were collected and presented to the 

FDA advisory panel in an effort to convey all information to make the best decision for 

the future of the drug and patients. FDA advisory panels provide FDA with advice from 

independent experts in the field regarding approvals or issues with FDA regulated 

products (What is an FDA Advisory Committee, 2017). Advisory panels are employed 

upon the FDA’s discretion when they believe it is in the best interest of the public to have 

an open forum relating to the drug or medical device in question (Rettig, 1992). The 

advisory committee, generally comprised of a chair and other general members along 

with a consumer, industry member, and occasionally a patient representative, functions to 
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supplement FDA expertise with external experts in the field and to assist the Agency in 

remaining current with trends and technologies in the industry, thereby allowing for a 

valid and credible decision process for a drug or device (Rettig, 1992). While the 

committee can provide recommendations to the FDA, decisions are ultimately left to the 

Agency (What is an FDA Advisory Committee, 2017). Advisory committees are 

typically consulted by the FDA for drug approvals, and in this instance, due to original 

data presented, the advisory committee initially unanimously recommended the approval 

of Lotronex (Overview of selected issues, 2002).  

After withdrawing Lotronex from the market, there were many discussions 

between GSK and FDA regarding the reintroduction of the drug to certain IBS patients. 

A second advisory committee meeting was held in 2002, during which new data was 

presented. It was agreed upon by both parties to attempt reintroduction of the drug with 

restricted market access through the review of clinical data from the trials ongoing when 

the drug was removed from the market. While it was beneficial that there were 

continuing trials from which data could be collected for further analysis, an alternative to 

this could have been the use of N-of-1 clinical trials to determine whether Lotronex 

works for patients. It was unknown why some patients responded to the drug poorly and 

some did not. A study such as this could have helped with re-introduction by allowing 

both the doctor and patient to be involved in the administration of medication and 

assessment of potential side effects or efficacy. The FDA advisory panel meeting resulted 

in recommending the reinstatement of the drug. N-of-1 trials could have helped inform 

them as well, and could also serve a purpose for post-marketing approval. Ultimately, the 

drug was brought back to market with the restrictions that doctors were required to enroll 
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in a program by GSK that required them to self-attest that they knew how to prescribe the 

medication and that patients were in complete understanding of the potential side effects. 

Other Applications: N-of-1 in Oncology 

With the increase in popularity of personalized medicine, new advances have 

been made, particularly in the oncology field. It is becoming more and more recognized 

that, due to the stratification of patients into different classifications of cancer subtypes, 

there will be increased difficulty in enrolling enough subjects in trials in order to have 

sufficient power and prove efficacy. The rise of personalized medicine calls for clinical 

trials that address the individual directly rather than through generalization. Genetic 

screening of tumors is becoming a more routine practice and is essential to determining 

the correct treatment for an individual. While this important development is changing the 

way treatment decisions are made, it is further complicating and stratifying the patient 

population, thus making it more challenging in terms of trial design and enrollment.  

Because of these reasons, there is an interest in exploring N-of-1 clinical trials in 

the oncology field. N-of-1 can be used in this case as they were designed, comparing 

standard of care (or placebo) with a new drug of interest. These treatment options could 

be altered, one after the other, with washout periods in between. If there is a surrogate 

endpoint identified, this can be the endpoint measured for each treatment. However, 

measuring time to subsequent progression of the disease is also being explored 

(Markman, 2016).  

N-of-1 trials are also being utilized in a less regimented manner in regards to 

cancer. Whereas traditionally they are designed to alternate between two or more 

treatments in order to measure effects, they can additionally be thought of as simply an 



 

52 

assessment of the drug on an individual (without a comparator). Due to the nature of 

oncology trials, adaptations are made when N-of-1 design is used for cancer patients 

(Collette et al, 2015). While treatments may be alternated, a treatment would not be 

repeated if it was initially found to not work. Ethically, if a treatment is working for a 

patient, it would be challenging for a clinician to justify removing the patient from that 

treatment (Collette et al, 2015). Further, repeatability of drugs may not be supported, as it 

would not be ethical to administer a drug to this population that is known not to work. 

Moreover, randomization and fixed duration of treatment may be excluded from trial 

design criteria, as they are often not included in oncology trial design due to the severity 

of the patient’s disease state. Despite these challenges, N-of-1 trials may be used more 

frequently as the push for personalized medicine evolves. 

Economical Assessment of N-of-1 Trials 

The economical impact of N-of-1 clinical trials has not been assessed in great 

depth. However, it has been examined to some extent in the context of clinical practice. 

To evaluate the economic impact of healthcare interventions, cost-effective analyses 

(CEAs) are typically performed (Nikles and Mitchell, 2015). A cost-effective analysis is 

a method of evaluating health interventions for potential benefits as compared to the cost 

of the intervention (Jameson et al, 2006). This type of analysis is beneficial in that it 

establishes a relationship between the financial and scientific aspect of interventions. The 

cost-effectiveness calculation incorporates “dividing the cost of an intervention in 

monetary units by the expected health gain measured in natural units” (Jameson et al, 

2006). While a health gain could be measured in terms of number of lives saved, other 

examples of health measurements are quality-adjusted life years (QALY) or disability-
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adjusted life year (DALY). Depending on the intervention and the goal it is trying to 

achieve, the health gain selected can greatly affect the outcome of the analysis (Nikles 

and Mitchell, 2015). 

Cost-effectiveness analyses can be performed for both N-of-1 trials and traditional 

trials in order to determine if the costs associated with the intervention are supported by 

the health benefits. When performing a cost-effectiveness analysis for a pharmaceutical, 

costs per patient and per trial phase are taken into account (Nikles and Mitchell, 2015). 

There are slight differences in cost-effectiveness calculations between conventional 

clinical trials and N-of-1 trials, mainly due to the fact that N-of-1 trials consider each 

intervention arm for each patient. Thus, the number of times a treatment is administered 

is compiled and accounted for within the analysis. Incremental analyses are completed in 

order to determine the difference in total cost between interventions (Nikles and Mitchell, 

2015). 

There are typically three metrics used to complete an incremental cost-

effectiveness analysis for health interventions: incremental cost, incremental effect, and 

incremental cost effectiveness ratio (Nikles and Mitchell, 2015). Incremental cost 

compares the cost of the intervention to the cost of the comparator while incremental 

effect compares the effect of the intervention to that of the comparator. These are both 

important metrics that need to be assessed. Finally, the incremental cost-effectiveness 

ratio (ICER) is calculated to assess the additional cost per unit of the intended outcome. 

While this analysis can be performed for both RCTs and N-of-1 studies, there are 

differences in methods. Similar to statistical analyses for clinical trial data, cost-

effectiveness analyses for RCTs are performed using the mean differences in costs and 
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health outcomes. However, for N-of-1 studies, the analysis is completed for each 

intervention arm for each individual patient. In cases where multiple crossovers occur, 

these results can be summed for each individual. Likewise, ICER calculations are similar 

in that they relate to the individual (Nikles and Mitchell, 2015). A complete list of all 

equations can be found in Table 1. 

Table 1: Cost-effectiveness analysis equations 

Cost-effectiveness analysis equations for randomized controlled trials (RCTs) and N-of-1 
clinical trials adapted from Nikles and Mitchell, 2015. 

For decision making purposes, N-of-1 decision criteria revolve around the 

individual patient as opposed to the group and analyzes whether incremental gains are 

attainable at an acceptable level of additional cost to the patient (Nikles and Mitchell, 

2015). This can then be applied to the entire cohort of patients to determine the 

proportion of patients whose benefit was achieved at an acceptable cost. Traditional RCT 

cost effectiveness decisions are examined by way of whether the cost per unit effect is 

Equation	 RCT	 N-of-1	

Incremental	
Cost	

𝐶𝑜𝑠𝑡<=> 	− 	𝐶𝑜𝑠𝑡@ABC	 Σ𝐶𝑜𝑠𝑡<=>
𝑛<=>

	− 	
Σ𝐶𝑜𝑠𝑡@ABC
𝑛FABC

	

Incremental	
Effect	

𝐸𝑓𝑓𝑒𝑐𝑡<=> 	− 	𝐸𝑓𝑓𝑒𝑐𝑡@ABC	 Σ𝐸𝑓𝑓𝑒𝑐𝑡<=>
𝑛<=>

	− 	
Σ𝐸𝑓𝑓𝑒𝑐𝑡@ABC

𝑛@ABC
	

ICER	 ∆𝐶𝑜𝑠𝑡
∆𝐸𝑓𝑓𝑒𝑐𝑡	

∆𝐶𝑜𝑠𝑡L
∆𝐸𝑓𝑓𝑒𝑐𝑡L
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below an acceptable level (typically the cost-effectiveness threshold) that the decision 

maker is willing to pay (Nikles and Mitchell, 2015). 

In analyses for both applications, uncertainty levels need to be examined, 

quantified, and applied (Nikles and Mitchell, 2015). For randomized controlled trials, 

uncertainty is indicated in the mean and 95% confidence intervals calculated for average 

patient response. Following the trend for individualized patient analyses, uncertainty is 

with respect to the ICER estimate for each individual. However, multiple crossovers are 

needed for N-of-1 studies in order to achieve sufficient data points to estimate confidence 

levels for each individual in the trial (Nikles and Mitchell, 2015). Overall, similar to 

RCTs, interventions evaluated through the use of N-of-1 trials can be assessed for their 

economic impact on a per patient basis to establish benefits of the treatment from a cost 

perspective. 
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Chapter IV. 

Discussion 

The Food and Drug Administration has been a reputable regulatory body since its 

institution. Without this agency, there would be a lack of regulation for pharmaceuticals, 

medical devices, food, and veterinary products. From inception, randomized controlled 

trials have been an established means of assessing safety and efficacy for 

pharmaceuticals, and without them, there would be a lack of quality for these products. 

Despite the fact that RCTs are so well established and are considered the gold standard 

for assessment of a pharmaceutical intervention, there are shortcomings associated with 

them that cause weaknesses in their implementation.  

One benefit of RCTs is that they are typically sufficiently powered if enrollment 

specifications are achieved. However, in the rare disease space or for a rare patient 

population, it is often difficult to enroll enough patients for a well-powered study. In this 

event, it is challenging to generate meaningful data that can be applied to the entire 

patient population due to lack of statistical power. Further, there is a growing trend 

towards personalized medicine, where treatments are focused on the individual and are 

tailored towards each individual patient. It is becoming a more common belief that 

personalized medicine is critical for future development of drugs, as more and more 

treatments are being developed and administered based on genetic profiles. This drive for 

personalization elicits the need for clinical trials that are designed to assess responses 

from the individual rather than a group as a whole; the need for external validity is great 
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if personalized medicine will become conventional in the future. For this to happen, 

clinical trials need to be designed in such a way that their focus is on the response of an 

individual rather than a group of people. N-of-1 trials are the type of clinical trial design 

that is needed, as they can be customized to the individual patient and can assess 

treatment options for individuals, yet can also be generalized to the overall patient 

population for that specific disease. Major areas of importance in the reputability of trial 

design in the context of N-of-1 clinical trials have been explored, and while this type of 

trial design has not gained substantial popularity thus far, it could play a very important 

role in the future of pharmaceutical approval. 

Because N-of-1 trials have been utilized in a non-pharmaceutical setting, most 

aspects of trial design have already been established and can be applied seamlessly to the 

pharmaceutical industry. Many properties of randomized controlled trials have been 

incorporated into the design of N-of-1 trials to ensure that they are adequate and well-

controlled, which is a requirement for good clinical trial design. Randomization and 

blinding still occur despite each trial only enrolling one patient. While washout periods 

can be included to ensure remnants of one medication do not alter the effects of the next, 

they are not always necessary, as the half-life of interventions used in N-of-1 is short. 

Further, reporting of N-of-1 data has been given CONSORT guidelines in the form of 

extension guidelines to ensure the same quality data that is reported for RCTs is reported 

for N-of-1. Consistency in this reporting will further strengthen the validity of N-of-1 

trials and will help them to become more reputable in the field.  

There are, however, limitations to their use. These trials are not suitable for acute 

conditions or diseases, as they do not remain stable enough to switch back and forth 
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between treatments. They also are not suitable for treatments that will alter the disease 

state of the individual. In both instances, there would be no way to accurately measure 

the effects of more than one intervention if the disease state was constantly changing. 

Further, N-of-1 trials are not ideal for pharmaceuticals with long lasting effects, as 

determining which medication was causing an effect would be challenging. While 

washout periods could be used, these could end up being lengthy, therefore extending the 

overall length of the trial. One advantage of N-of-1 trials is that they provide results to 

patients faster than if they were participating in a RCT. In order to effectively treat the 

individual, a quick turnaround time is desirable. Finally, N-of-1 trials must be designed 

properly with interventions repeated in an individual subject enough times to attain 

proper statistical power in order for results to be considered reputable. 

From a statistical perspective, N-of-1 trials can be accurately analyzed through 

Bayesian statistics. The use of this type of statistics considers prior knowledge that can be 

applied to the design and analysis, therefore strengthening the strategy and conclusions of 

the study. Bayesian statistics also consider small sample sizes, making it an ideal 

statistical method for N-of-1 clinical trials. Importantly, data generated from individual 

trials can be aggregated and meta-analyzed to provide a generalized effect at the 

population level, providing studies with strong external validity but also demonstrating 

effect claims similar to RCTs. 

Despite having multi-purpose functions, the primary focus using Bayes theorem 

should be on analyzing the data at the individual patient level prior to being expanded to 

a population, otherwise there is not a strong case for performing N-of-1 trials over RCTs. 

While there are many different analysis models, investigators using statistical analysis for 
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clinical trial data should be cognizant of determining a statistical analysis method prior to 

conducting the trial so as to keep internal validity high; any changes performed during the 

clinical trial could affect accuracy of the data. Further, Bayesian statistics are currently 

used for adaptive clinical trials, as these trials incorporate many changes throughout their 

occurrence. Bayesian statistics are important in this case, as prior distributions are 

generated throughout the course of the trial, and these distributions can influence the 

future design of the trial. As there is a precedent for using Bayesian statistics for adaptive 

trials, it can seamlessly be employed for N-of-1 design due to their similarities. Because 

of the increased trend of examining data for an individual patient and the strength of 

using Bayesian analysis, this method of evaluation should be used for analysis of N-of-1 

clinical trials when possible and should be considered an acceptable method of testing to 

prove market achievability for pharmaceutical products. 

In terms of regulatory, the FDA does not currently have guidances for conducting 

N-of-1 trials or for using them for drug approval purposes. However, it is clear that the 

FDA is adapting and updating their guidances and tolerability for different types of 

studies that are non-traditional. Changes and additions to FDAs regulations and 

guidelines represent an evolution of change in the industry which has been present since 

its commencement. Because of this flexibility within the Agency, it would be possible to 

draft and release a guidance to use N-of-1 trials as part of clinical study phases. Single 

patient INDs are already included in the Code of Federal Regulations, thus representing 

the Agency’s acknowledgement of the importance of individual patient studies. As this 

type of trial gains more popularity, the involvement of FDA in regards to design and 

implementation will increase and there may be a need to release a guidance. This need 
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will become critical in order to ensure adequate, well-designed N-of-1 studies are 

conducted in order to attain market approval.  

While there are still structures that need to be established in order for N-of-1 trials 

to be viewed as suitable clinical trials for drug approval, there are instances where they 

can be used. N-of-1 trials are not at the point where they alone can be used to achieve 

market approval of a drug for all circumstances; however, the trend could be moving in 

that direction. Their use in the rare disease and small patient population spaces will most 

likely increase as more and more trial sponsors realize their power and benefits. The N-

of-1 study used to support the approval of additional indications for KALYDECO® 

(ivacaftor) by Vertex Pharmaceuticals is representative of how N-of-1 trials can be 

integrated into the pharmaceutical development process. This study enrolled a small 

number of participants and achieved an adequate, well-controlled N-of-1 design though 

blinding and randomization along with statistical power. 

Aside from playing a role in obtaining market approval for pharmaceuticals, N-of-

1 clinical trials can be used in other applications. They could act as a powerful tool to 

influence additional clinical claims or new clinical indications from a drug that is already 

on the market. Being that they are small studies, they could be used for Phase 4 post-

marketing approval studies to determine whether a treatment will work for a new 

indication before proceeding to an expensive randomized controlled trial. They can also 

be conducted to be used as supporting evidence for FDA advisory committee meetings to 

strengthen the advisory panel’s recommendations of drug approval or usage. This could 

be very beneficial, as they would provide the panel with data regarding individuals, 

which could be an important factor in their decision process. Further, comparator studies 
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may benefit from the use of N-of-1 trial design, as the individual patient will be 

comparing both interventions and a direct comparison can be made with the same 

individual. N-of-1 studies could also be influential in the approval of generic drugs. 

While clinical studies are not typically needed for generics, there are cases where 

generics do need to be tested for efficacy purposes, and a study such as N-of-1 could be 

the solution for this issue. 

Finally, in addition to benefitting the drug approval and marketing process, N-of-

1 clinical trials could serve to help restore public trust in the pharmaceutical industry. A 

portion of the public believes that the pharmaceutical industry is only trying to make a 

profit. While the cost of drugs can be expensive, this is not the image the industry desires. 

Moreover, the fact that many drugs do not work for countless patients does not benefit 

the industry. N-of-1 trials can restore faith in pharmaceutical companies because the 

patient is directly involved. This has been established through the use of N-of-1 design by 

doctors in an attempt to find the best treatment possible for a patient. The patient feels 

that he is involved in the process and ultimately has the ability to provide input for the 

treatment he will receive. N-of-1 design of clinical trials can serve as a means of 

regaining pubic trust in the industry by demonstrating their power of treating and drawing 

conclusions regarding the patient as an individual. 

N-of-1 clinical trials are necessary to explore for the use of approving and 

marketing pharmaceutical products. Not only can they assist in this process, they can also 

help strengthen the public image of the industry. While they may not be able to be used 

on their own entirely at this point in time depending on the disease or indication in 

question, they should be investigated further in the pharmaceutical setting to more 
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concretely establish their potential benefit to the industry. With the increase of 

personalized medicine, the use of personalized clinical trials should be justified, and 

while this may not currently be entirely feasible, the industry should trend towards this 

for the future.  
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