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Abstract
Introduction Medications are compounded when a formulation of a medication is needed but not commercially available.
Regulatory oversight of compounding is piecemeal and compounding errors have resulted in patient harm. We review
compounding in the United States (US), including a history of compounding, a critique of current regulatory oversight, and a
systematic review of compounding errors recorded in the literature.
Methods We gathered reports of compounding errors occurring in the US from 1990 to 2020 from PubMed, Embase, several
relevant conference abstracts, and the US Food and Drug Administration “Drug Alerts and Statements” repository. We catego-
rized reports into errors of “contamination,” suprapotency,” and “subpotency.” Errors were also subdivided by whether they
resulted in morbidity and mortality. We reported demographic, medication, and outcome data where available.
Results We screened 2155 reports and identified 63 errors. Twenty-one of 63 were errors of concentration, harming 36 patients.
Twenty-seven of 63 were contamination errors, harming 1119 patients. Fifteen errors did not result in any identified harm.
Discussion Compounding errors are attributed to contamination or concentration. Concentration errors predominantly result from
compounding a prescription for a single patient, and disproportionately affect children. Contamination errors largely occur during
bulk distribution of compounded medications for parenteral use, and affect more patients. The burden falls on the government,
pharmacy industry, and medical providers to reduce the risk of patient harm caused by compounding errors.
Conclusion In the US, drug compounding is important in ensuring access to vital medications, but has the potential to cause
patient harm without adequate safeguards.
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Introduction

In the modern-day United States (US), medications are by-in-
large manufactured in commercial facilities, and this produc-
tion is regulated and overseen by the US Food and Drug
Administration (FDA). Historically, however, medications
were mixed—or compounded—by independent pharmacists
for use by individual patients. While traditional compounding
is becoming less prevalent, it still occurs in instances where a
particular patient may require a formulation of a medication
that is not otherwise available. Furthermore, a new form of
large-scale compounding has become commonplace, whereby
pharmacies produce bulk volumes of medications which are
not available commercially, and broadly distribute them to
healthcare practices and individual patients.

Compounding does not traditionally fall under the purview
of FDA oversight, instead being regulated by individual
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states’ boards of pharmacy. This approach has resulted in a
patchwork and oftentimes underfunded regulatory frame-
work, which has subsequently harmed patients [1–4].
Morbidity and mortality frequently result either from a
compounded medication that is contaminated with bacteria,
fungi, or another medication during production, or from an
error whereby the concentration of the drug dispensed is not
as intended, which can lead to inadvertent over- or under-
dosing. Patient harm caused by compounded medications
has been the focus of media, medical, and legislative attention
in recent years, especially following amultistate, multi-fatality
outbreak of fungal meningitis caused by contaminated steroid
injections compounded at a pharmacy in Framingham,MA [2,
3, 5, 6].

This article seeks to provide a comprehensive review of the
state of outpatient compounding in the US. Compounding
performed by hospital pharmacies for inpatient use is beyond
the scope of this paper. Much has been written on
compounding pharmaceuticals; this paper is an effort to suc-
cinctly address the history, purpose, and regulatory frame-
work in a unified location, as well as to perform a systematic
review of all US compounding errors over the past 30 years.
To our knowledge, no systematic review of both contamina-
tion and non-contamination errors has to this point been un-
dertaken. We will first explore the definition and modern role
of compounding. Then, we will briefly discuss the modern US
history of compounding, with a particular focus on factors
influencing the current state of compounding. Next, we will
examine compounding through a legislative and regulatory
lens, to better decipher how governmental oversight—or a
lack thereof—may contribute to errors in compounding
resulting in patient harm. Understanding the interventions be-
ing made on a federal level can help improve the safety of
compounding. Finally, we have performed a systematic re-
view of documented compounding errors and categorized
those errors by type and patient outcome. Whereby, we eluci-
date just how and with what frequency patients are harmed by
compounding errors, with the ultimate aim of identifying po-
tential strategies for reducing these adverse events.

Compounding: What It Is and Why It Is
Essential

Compounding is defined by the FDA as the combination,
mixing, or alteration of drug ingredients to create medications
tailored to individual patient needs [7]. The United States
Pharmacopeia (USP), which sets quality standards for drugs,
describes compounding as “the preparation, mixing, assem-
bling, altering, packaging, and labeling of a drug… in accor-
dance with a licensed practitioner’s prescription …” [8] Put
simply, it is the creation of a medication that is not commer-
cially available.

In the US, compounding is performed in both the inpatient
hospital setting and in outpatient pharmacies, with a trend in
recent decades towards larger scale outpatient production [9].
As will be discussed later in this paper, compounding may
now occur in newly defined “outsourcing facilities,” which
are designed to compound in bulk; some examples of these
facilities include QuVa Pharma and Leiters [10]. There are
many indications for compounding. Some patients may not
tolerate pills and require a compounded liquid drug formula-
tion; examples include young children taking antibiotics, feed-
ing tube-dependent patients, or patients with dysphagia from
neurologic compromise such as a stroke [11, 12]. Patients may
be allergic to binding agents, dyes, diluents, or other inactive
ingredients in commercially available formulations. Dietary
restrictions, such as a ketogenic diet in pediatric epilepsy pa-
tients, may necessitate compounding of sugar-free medica-
tions [13]. Refractory neuropathic pain may benefit from
compounded analgesic topical creams containing multiple
medications not commercially available in combination; ex-
amples include ketamine, baclofen, gabapentin, amitriptyline,
bupivacaine, and clonidine [14]. Painful oral lesions can be
treated with “magic mouthwash” and dyspepsia can be treated
with a “gastrointestinal (GI) cocktail”; these are terms that
actually encompass a range of compounded preparations
[15]. Total parenteral nutrition (TPN) is needed for patients
unable to take in sufficient oral nutrition, and numerous che-
motherapy regimens must be compounded for cancer treat-
ment [16, 17]. Healthcare providers may need compounded
medications to perform specialized procedures such as
intraarticular or intravitreal injections. In some instances,
commercial preparations may be available but expensive,
and a compounded equivalent is more affordable [18]. Drug
shortages, a longstanding healthcare problem exacerbated by
crises such as the COVID-19 pandemic and the devastation of
Puerto Rico by Hurricane Maria, may be addressed by
compounding as well [19, 20]. The FDA has responded to
significant shortages during the COVID-19 pandemic by tem-
porarily relaxing restrictions on compounding of commercial-
ly available drugs [21, 22].

When a compounded medication is prescribed or adminis-
tered, patient safety depends on adherence to Current Good
Manufacturing Practices (CGMP), which are outlined in
Chapter 795 of the USP for non-sterile preparations and
Chapter 797 for sterile preparations. Appropriateness of the
prescription indication, safety, and dosing should be assessed
by the pharmacist. Ingredient quantities must be meticulously
calculated, and the source quality of those ingredients assured.
Compounding facilities and equipment must be clean and
monitored continuously. Staff must routinely practice and be
assessed for competency in proper hygienic measures. Sterile
preparations, by definition, require a higher level of care to
prevent contamination than do non-sterile preparations, in-
cluding differences in staff training and personal protective
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equipment (PPE), environment and air quality monitoring,
and disinfection. Compounded sterile preparations are further
subdivided into low-, medium-, and high-risk depending upon
the quantity of ingredients, number of manipulations required
during compounding, and whether nonsterile ingredients re-
quiring subsequent sterilization are incorporated. Multiple
medications must not be simultaneously compounded in the
same workspace. The compounding process must be repro-
ducible such that medication quality is consistent throughout
many production cycles. Finally, prescriptions must be cor-
rectly labeled and patients instructed in appropriate use [8,
23–25]. Failure to adhere to these standards has the potential
to result in patient harm through multiple mechanisms includ-
ing medication suprapotency, subpotency, contamination, and
consumer misuse.

Historical Context

Throughout pre-industrial history, pharmacists played the crit-
ical role of admixing various materials to produce a finished
therapeutic substance. This role was, in essence, one of
compounding [26, 27]. However, the industrial revolution
and the resultant mass production of pharmaceuticals—
coupled with the increasing presence of synthetic proprietary
medications—led to a change in pharmacists’ primary role.
Instead of compounding, community pharmacists in the early
1900s turned their focus to the dispensing of previously
manufactured medications as well as to general retail, includ-
ing operating the soda fountains which came into vogue with
the prohibition of alcoholic beverages. In fact, by the 1930s,
fewer than 1% of pharmacies in the US made a majority of
their income from pharmaceutical sales [27].

The decline in community pharmacy compounding was
precipitous through the mid-1900s. In the 1930s, 75% of pre-
scriptions required some sort of in-pharmacy compounding.
That number fell to 25% by the 1950s, less than 5% by 1960,
and to 1% by 1970 [28]. Interestingly, there was a concurrent
increase in the need for hospital pharmacy compounding dur-
ing the same period; largely due to the advent of chemother-
apy, TPN, and cardiac surgery which necessitated the admin-
istration of complex cardioplegic regimens. By the 1980s,
these advanced therapeutics began to spill into the outpatient
setting, generating a novel home infusion industry for treat-
ments such as TPN, antibiotics, and chemotherapeutics [29].
As a result, the 1990s and 2000s yielded further diversification
within the compounding industry as pharmacies began to
compound in bulk. This development was brought about by
expanding home infusion programs, the more frequent
outsourcing of hospital compounding to the outpatient setting,
and the rise of hormone replacement therapy. Large volume
compounding blurs the line between traditional compounding
which has state-based regulatory oversight, and the mass

manufacture of pharmaceuticals which falls under well-
established federal FDA regulations [29–31].

The inspiration for this article is a well-documented history
of medication errors attributable to pharmaceutical
compounding, for which a lack of regulatory oversight per-
sists as a common thread [3, 29, 32, 33]. The most lethal and
infamous of these cases occurred in 2012, when an outbreak
of fungal meningitis occurred amongst patients who had re-
ceived epidural spinal injections. The outbreak affected 753
patients across 20 states, killing 64 [5, 6, 34, 35]. Ultimately,
the outbreakwas linked to a compounding pharmacy, the New
England Compounding Center (NECC, located in
Framingham, MA). Amongst other pharmaceuticals, NECC
produced injectable sterile methylprednisolone acetate for epi-
dural injections, which it then distributed nationally.
Following the outbreak (hereafter “Framingham”), the FDA
determined that the pharmacy had disregarded basic sanitary
standards and had not taken corrective measures despite inter-
nal knowledge of potential contamination [2, 5, 6, 34–36]. As
with many compounding pharmacies, NECC operated in a
historically murky regulatory space, producing medications
in bulk as would a commercial pharmaceutical manufacturer,
while only being subjected to reduced state oversight given to
compounding pharmacies. In fact, in the years preceding the
outbreak, the FDA had thrice investigated NECC and found
sterility violations, but they were unable to enforce any inter-
ventions or penalties due to the FDA’s contested regulatory
jurisdiction [4]. Both preceding and following Framingham,
efforts have been made at the federal level to improve over-
sight of compounding; these are reviewed in depth later in this
article. Currently, there is incomplete tracking of compounded
pharmaceuticals in the US, though they are estimated to com-
prise 1–3% of all prescriptions [30, 31, 37, 38]. Ultimately,
compounding is highly prevalent, and so clinicians must be
familiar with the risks associated with compounded medica-
tions as they care for patients who may be suffering from a
related adverse event.

Regulatory and Legislative Framework

Prior to Framingham, modern compounding pharmacies
evolved within a regulatory framework that lacked distinct
federal or state oversight roles. In 1938, the Federal Food,
Drug, and Cosmetic Act (FDCA) authorized FDA oversight
of pharmaceutical manufacturing [39]. However, because
compounders traditionally produced drugs in response to in-
dividual prescriptions and on a much smaller scale than con-
ventional drug manufacturers, pharmaceutical compounding
developed and remained under the regulatory purview of in-
dividual state boards of pharmacy [32, 40]. Towards the end
of the twentieth century, pharmacies began bulk
compounding in response to (1) the home infusion industry
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and (2) hospitals’ financial interest in outsourcing
compounding from their inpatient pharmacies to the outpa-
tient setting [29]. Concerned that bulk compounders were
self-classifying as pharmacies to avoid the rigorous federal
oversight required of drug manufacturers under the FDCA,
Congress passed the 1997 Food and Drug Administration
Modernization Act (FDAMA) [40]. FDAMA addressed the
changing nature of compounding pharmacies by creating a
“safe harbor” exempting pharmacies from the more stringent
FDCA regulations so long as compounders refrained from
advertising their product and abided by requirements designed
to increase drug safety [40, 41].

Despite Congress’s attempt to strengthen oversight of
compounding pharmacies, litigation challenging FDAMA
tempered the FDA’s authority to regulate compounders. In
2002, a narrowly divided US Supreme Court ruled in
Thompson v. Western States Medical Center that the
FDAMA advertising prohibition was unconstitutional on
First Amendment free speech grounds [42]. The ensuing reg-
ulatory confusion is well described in the literature, and the
details are beyond the scope of this review [3, 28, 29, 31, 32,
40]. For reference, a summary of the relevant legislation and
litigation is provided in Fig. 1. Decades of regulatory uncer-
tainty culminated in the 2012 Framingham incident, which
revived Congressional efforts to address pharmaceutical
compounding industry safety concerns.

In response to Framingham, Congress passed and President
Barack Obama signed into law the bipartisan-supported
Compounding Quality Act (CQA) as part of a broader legis-
lative package (the 2013 Drug Quality and Security Act) [43].
The CQA delineated state and federal oversight authority by
defining two distinct categories of compounding pharmacies.
The first category is traditional compounding pharmacies, or
“503A” pharmacies [44]. 503A pharmacies under the CQA
may compound only in response to individual prescriptions.
Importantly, 503A pharmacies may not compound bulk med-
ications either in anticipation of receiving prescriptions or

with plans to distribute broadly to healthcare facilities [31,
45]. In exchange for complying with these limitations, 503A
pharmacies largely avoid the more burdensome regulations
required of drug manufacturers under the FDCA, including
adhering to CGMP [31, 37, 46–48]. Accordingly, state boards
of pharmacy continue to serve as the primary regulators of
503A pharmacies [45].

The CQA created a second category of compounding phar-
macy, called an “outsourcing facility.” [49] Unlike 503A
pharmacies, outsourcing facilities voluntarily opt-in to this
category by paying the FDA a user fee (approximately
$18,298 in FY2020) [50], and comply with stringent CGMP
standards as well as reporting requirements [38, 46]. Because
they submit to more robust FDA oversight, outsourcing facil-
ities are permitted to compound in bulk in advance of receiv-
ing a prescription, and may distribute their products across
state lines [31, 51]. Though the FDA enjoys primary regula-
tory authority over outsourcing facilities, states are not pre-
cluded from imposing additional requirements [51]. Should a
compounding pharmacy fail to comply with the 503A criteria
or voluntarily register as an outsourcing facility, it is subject to
the full breadth of regulations required of drug manufacturers
under the FDCA [37]. The distinctions between 503A phar-
macies and outsourcing facilities are illustrated in Fig. 2.

Following enactment of the CQA, states have taken numer-
ous steps to further develop their respective oversight struc-
tures under the new framework. A majority of states have
strengthened regulations empowering state boards of pharma-
cy to hold 503A pharmacies accountable to higher safety prac-
tices, such as requiring conformation with recognized sterile
compounding guidelines. However, state oversight of 503A
pharmacies continues to vary, with fewer than half of all states
reporting annual inspections of 503A pharmacies in 2018
[52].

The FDA has similarly adjusted its enforcement priorities
[53, 54]. For example, the CQA permits a 503A pharmacy to
distribute nomore than 5% of its total prescriptions out of state

Fig. 1 Significant federal legislation and litigation related to compounding pharmacies.
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unless the pharmacy’s home state enters into a Memorandum
of Understanding (MOU) with the FDA [55]. The goal of this
provision is to avoid another national outbreak by reducing
the likelihood that contaminated drugs cross state lines. If a
given state enters into a MOU with the FDA, 503A pharma-
cies in that state may distribute a higher percentage of pre-
scriptions (now up to 50%) across state lines in exchange for
that state’s board of pharmacy agreeing to identify, investi-
gate, and report associated adverse events [ 45]. Importantly,
the MOU standardizes procedures for state boards of pharma-
cy to report concerns to the FDA and other states; however,
the agreement also grants states significant discretion in how
states conduct investigations [54]. In short, states that partici-
pate in the MOU, rather than the FDA, will undertake primary
responsibility for detecting poor quality or dangerous
compounded medications distributed by 503A pharmacies
from their state.

The FDA also announced an effort to entice more
compounding pharmacies to register as outsourcing facilities
by embracing a risk-based approach [45]. Since enactment of
the CQA, far fewer pharmacies have registered as outsourcing
facilities than the FDA had expected. In fact, the FDA antic-
ipated 50 pharmacies to register per year, but only 78 total
were registered as of May 2020 (even fewer than the 91 reg-
istered in 2016) [38, 51, 56]. To attract compounding
pharmacies—some of which have cited cost of compliance
with CGMP as a prohibitively expensive barrier to registering
as an outsourcing facility—the FDA plans to reduce CGMP
requirements for compounding pharmacies it deems as “lower
risk.” [45] Though the FDA published draft guidance in 2018
describing how the agencymay tailor CGMP requirements for
outsourcing facilities, the FDA has yet to issue final guidance
on this matter [53, 57].

Critics warn that FDA and state efforts to implement the
CQA regulatory scheme excludes compounding pharmacies

from the decision-making process and may limit patients’ ac-
cess to compoundedmedications. For example, the Preserving
Patient Access to Compounded Medications Act (H.R. 1959)
introduced in the US House of Representatives attempts to
address complaints expressed by compounders [58]. The pro-
posed legislation seeks to ensure that compounders and other
interested parties have an opportunity to comment on (and
influence) FDA compounding regulations. Furthermore, the
proposed legislation would explicitly allow physicians who
engage in in-office sterile compounding, or who otherwise
maintain a supply of compounded medications for “office
use,” to avoid complying (where state law permits) with
outsourcing facility regulations [58].

Meanwhile, the sterility practices of some compounding
pharmacies continue to raise alarm: between 2013 and 2018,
the FDA issued more than 180 warning letters to
compounding pharmacies, resulting in approximately 140 re-
calls. As acknowledged by the agency, the FDA’s transition to
a risk-based approach may assist the agency in more efficient-
ly targeting its limited resources, but it could also increase the
likelihood of compounders engaging in unsafe practices that
elude regulators [45]. In sum, the CQA and subsequent state
and FDA actions have somewhat clarified oversight roles after
Framingham, largely by defining separate 503A pharmacies
and outsourcing facilities. Seven years after its enactment,
however, uncertainty regarding the relative strength and con-
sistency of said regulatory framework remains.

Methods

We performed a systematic review of compounding errors,
including both errors that resulted in patient harm and those
that did not, as reported in the academic literature. We
searched the National Center for Biotechnology Information

Fig. 2 Key provisions of the 2013 Compounding Quality Act.
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(PubMed; U.S. National Library of Medicine: Bethesda,
Mary l and ) and Embase (Elsev i e r : Ams te rdam,
The Netherlands) using the following search criteria:
“‘compounding AND pharmacy’ AND ‘error,’ ‘overdos*,’
‘toxicol*,’ ‘infect*,’ ‘death,’ ‘outbreak,’ ‘injur*,’ OR ‘case
report.’” This search was limited to January 1990 through
March 2020. Additionally, we reviewed abstracts for years
1990–2019 for the following conferences using keyword
searches for “compound” and “compounding”: American
College of Medical Toxicology (ACMT) Annual Scientific
Meeting, North American Congress of Clinical Toxicology
(NACCT), American College of Emergency Physicians
(ACEP) Scientific Assembly, Society for Academic
Emergency Medicine (SAEM) Annual Meeting, American
Academy of Pediatrics (AAP) National Conference &
Exhibition, and the Pediatric Academic Societies (PAS)
Meeting. We also reviewed the FDA’s online “Drug Alerts
and Statements” repository for alerts regarding compounding
pharmacies’ failures in sterility and potency standards.
Authors CJW and JDW screened reports by title and, when
necessary for clarification, by abstract. Under manual review,
articles were excluded if they were obviously irrelevant,
consisted of research comparing samples of compounded
and commercial pharmaceuticals, were in a non-English lan-
guage, regarded medications compounded outside of the US,
were redundant with another included report, represented mis-
use of properly compounded medications, regarded veterinary
patients, were compounded by an inpatient hospital pharmacy
(including chemotherapeutics and parenteral nutrition), were
published prior to 1990, or if the report lacked sufficient in-
formation to provide substantive value. Redundant reports of
the same error were included for analysis only once, but ef-
forts were made to reference all identified reporting sources.
For included reports, CJW and JDW extracted information
including date, type of error, cause of error, number of patients
affected, age of patients affected, and clinical course of pa-
tients affected. Incomplete data was acknowledged and by-in-
large was not grounds for exclusion from the study.

We categorized errors under the conceptual framework de-
scribed by Sarah Sellers, PharmD, MPH, former board mem-
ber for the FDA’s Advisory Committee on Pharmacy
Compounding, in testimony to the US Senate Committee on
Health, Education, Labor, and Pensions, namely, that
“suprapotency,” “subpotency,” and “contamination” are the
primary risks associated with pharmaceutical compounding
[59]. We further broke down “contamination” into subgroups
of “microbiologic contamination” for cases of bacterial, viral,
or fungal contamination and “toxic contamination” for non-
infectious contaminants. When available, we documented pa-
tient age and outcome, route of administration, and medica-
tion-in-question, so as to better characterize the types of med-
ications, errors, and patients most associated with adverse
events.

We referenced and applied the principles for authoring re-
view articles delineated within the Journal of Medical
Toxicology when feasible and appropriate during the review
process [60].

Findings

Our search terms identified 1058 potential articles in PubMed
and 721 potential articles in Embase. The review of confer-
ence abstracts yielded additional potential cases as follows:
ACMT Annual Scientific Meeting (49; original research first
reported at this conference in 2011), NACCT (235; abstracts
available from 1997 to 2019), ACEP Scientific Assembly (9;
data missing for 1993, 1995, 1996), SAEM Annual Meeting
(34), AAP National Conference & Exhibition (0; abstracts
available from 2010 to 2018), and the PAS Meeting (0; ab-
stracts available from 2017 to 2019). The FDA’s “Drug Alerts
and Statements” repository contained an additional 19 reports
related to non-hospital-based compounding pharmacies.
Through the database searches, two pre-existing reviews of
compounding contamination errors were identified, by Staes
et al. in 2013 and Shehab et al. in 2018; these respectively
identified 11 and 19 cases [61, 62]. In total, a total of 2155
articles, statements, and reports were identified and underwent
our manual review (performed by CJW and JDW).

After the application of our exclusion criteria, a total of 63
errors were included. These 63 errors are documented as
harming 1155 patients. When broken down by type, contami-
nation accounted for 27 errors adversely affecting 1119 patients
(Appendix Table 3) and errors in concentration accounted for
21 events adversely affecting 36 patients (Appendix Table 4).
There were 15 reports of identified compounding errors which
potentially exposed innumerable patients but did not end up
causing any known harm; these were predominantly errors of
contamination (Appendix Table 5). The number of patients
exposed to potential harm cannot be calculated based on the
available data, but reaches at least the several thousands
(Framingham alone exposed 13,534 patients with 753 docu-
mented instances of patient harm).

Table 1 is a summary of the 27 included contamination
errors. With 1119 patients over 27 errors, the median number
of patients affected per error is 8. Themean number of patients
affected per error is 41; however, by excluding Framingham,
that number is 14. With 81 deaths over 27 errors, the mean
number of fatalities per error is 3; however, excluding
Framingham drops that number to less than 1 (0.65). The
median number of deaths per error is 0. Five out of the 27
contamination errors were from intraarticular (including epi-
dural) steroids, and eight of 27were frommedications injected
intravitreally. A total of 25 of the 27 errors were from medi-
cations administered parenterally, in healthcare settings. Three
of 27were from toxic contamination rather thanmicrobiologic
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contamination. Interestingly, six of 27 errors with documented
adverse outcomes occurred following the CQA.

Table 2 is a summary of the 21 included sub- and
supratherapeutic errors. One report describes a subtherapeutic
error affecting 9 pediatric patients who were on post-
transplant immunosuppression with tacrolimus. The remain-
ing 20 reports involved errors of supratherapeutic drug con-
centrations; they affected a total of 27 patients, of which 14
(52%) were pediatric. Of the 36 total patients affected by
concentration errors, 23 (64%) were pediatric and 3 (8%) were
over the age of 65 years. Three patients died, all of whom
received supratherapeutic intravenous colchicine at an alter-
native medicine infusion clinic for chronic back pain [91].

Appended to this article are Appendix Tables 3, 4, 5, which
respectively catalog all contamination errors causing patient
harm, all sub- and suprapotency errors causing patient harm,
and all potential compounding errors identified and rectified
before patient harm occurred. Of the 15 potential errors iden-
tified before patient harm occurred, 13 came after the enact-
ment of the CQA.

Discussion

In this study,we separated compounding errors into the categories
of contamination, suprapotency, and subpotency. We found that
medications with contamination errors are frequently (1) bulk-
produced and distributed, (2) used parenterally, and (3) adminis-
tered by physicians. Because of their parenteral administration,
medications contaminated with otherwise benign environmental
flora are able to disseminate throughout the body and cause the
devastating outcomes documented here. Furthermore, because
contamination errors are often associated with larger—even mul-
tistate—distribution networks, the reach of their impact is large.

Framingham was the archetypal contamination error. It
woke much of the medical and lay communities to the poten-
tial dangers of compounding. It inspired the federal govern-
ment to enact the CQA in 2013 and create an entirely new
form of compounding facility—the outsourcing facility—to
attempt to regulate the subsection of pharmacies who were
bulk-compounding medications not available (or not available
cheaply) through commercial channels, and who exported

Table 1 Summary of contamination errors.

Medication Number Route of administration Location of
administration

Type of contaminant Deaths

Intraarticular steroids

Betamethasone 11 patients, 1 error [63] Epidural and joint injection Healthcare setting Microbiologic 3

Methylprednisolone 787 patients, 4 errors [6, 62,
64–67]

Epidural, intraarticular,
intramuscular

Healthcare setting Microbiologic 65

Analgesics

Morphine with clonidine,
bupivacaine

8 patients, 1 error [68] Intrathecal Healthcare setting Methadone, ethanol,
methanol

0

Fentanyl 15 patients, 2 errors [69, 70] Intravenous Healthcare setting Microbiologic 1

Ophthalmologic agents

Tryptan blue 6 patients, 1 error [71] Intravitreal Healthcare setting Microbiologic 0

Bevacizumab 34 patients, 5 errors
[72–76]

Intravitreal Healthcare setting Microbiologic 0

Brilliant blue green &
triamcinolone

47 patients, 1 error [77] Intravitreal Healthcare setting Microbiologic 0

Triamcinolone &
moxifloxacin

43 patients, 1 error [78] Intravitreal Healthcare setting Microbiologic 0

Heparin-vancomycin solution 2 patients, 1 error [79] Intravenous Healthcare setting Microbiologic 0

Cardioplegia solution 11 patients, 1 error [80, 81] Coronary infusion Healthcare setting Microbiologic 3

Heparin-saline solution 80 patients, 1 error [82] Intravenous Healthcare setting Microbiologic 0

Magnesium sulfate 19 patients, 1 error [83] Intravenous Healthcare setting Microbiologic 0

Parenteral nutrition 19 patients, 1 error [84] Intravenous Healthcare setting Microbiologic 9

Methylcobalamin 6 patients, 1 error [85] Intravenous Healthcare setting Microbiologic 0

Calcium gluconate 15 patients, 1 error [86] Intravenous Healthcare setting Microbiologic 0

Omeprazole 1 patient, 1 error [87] Oral Home Baclofen 0

Biotin 2 patients, 1 error [88] Oral Unknown 4-aminopyridine 0

Human chorionic
gonadotropin

6 patients, 1 error [89] Intramuscular Healthcare setting Microbiologic 0

Glutathione 7 patients, 1 error [90] Intravenous Healthcare setting Microbiologic 0

Total 1119 patients, 27 errors 81 deaths
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those medications across state lines to be used on countless
patients in several healthcare settings. We do not have FDA
alert archives dating prior to 2010, but we have identified over
a dozen instances post-CQA where FDA inspections have
identified outsourcing facilities at risk for distributing contam-
inated medications despite their expected adherence to CGMP
standards. While this FDA oversight is clearly needed, it is
likely not sufficiently robust. For example, no budgetary allo-
cation was initially made to support oversight in the CQA’s
establishment of outsourcing facilities [46]. FDA
Commissioner Scott Gottleib, in 2018 Congressional testimo-
ny, highlighted the funding struggles affecting oversight, stat-
ing “I don’t want to get too deep into the resource question…
[b]ut this is a program where we do operate by in some cases
begging, borrowing, and stealing from... other parts of the
agency.” [45]

Certainly, contamination has persisted despite the CQA
and the FDA’s efforts to oversee outsourcing facilities.
Given this ongoing concern, the medical community must
bear some of the responsibility for reducing the number of
medications manufactured in substandard environments. It
should be the expected standard for healthcare practices to
purchase exclusively from compounding pharmacies strictly
adherent to CGMP standards and formally approved as
outsourcing facilities by the FDA. Leading expert Outterson
referenced the potential for this approach in 2014 [46], and it
is unclear how purchasers have responded. While these poli-
cies may be more expensive; the physical, ethical, and even
financial [92] consequences of purchasing compounded med-
ications from organizations not sufficiently invested in safety
are clearly documented here.

Subpotency and suprapotency can be considered as the
single category of errors of concentration, as the sources and

scope of concentration errors are largely similar. Our findings
demonstrate that subpotency is largely not a reportable issue,
but that does not mean it is not a danger. As an example,
beyond the cited series of subtherapeutic tacrolimus concen-
trations [93], another case series (excluded for location outside
the US) identifies dozens of patients who received subthera-
peutic chemotherapy treatments [94]. These subtherapeutic
errors are difficult to capture. Identification must be done dur-
ing routine serum testing, as occurred with the tacrolimus
series; or on the supply side, as occurred with the chemother-
apy series. When considering subtherapeutic and
supratherapeutic errors together as errors of concentration,
we found a somewhat different pattern than that which we
identified amongst errors of contamination. The concentration
errors we were able to identify, with a few notable exceptions
[95, 96], were caused by traditional compounding pharmacies.
These pharmacies, labeled as 503A pharmacies under the
CQA, are limited in their scope to producing compounded
medications only after an individual prescription is in-hand.
Per the CQA, 503A pharmacies are still solely regulated by
state boards of pharmacy, meaning that oversight is patchwork
across the US. Many concentration errors are of orders of
magnitude, suggesting that simple mathematical and measure-
ment mistakes are to blame. In addition to hoping that states
will implement greater oversight of these 503A pharmacies,
we call on the pharmacy industry to emphasize and standard-
ize compounding training amongst its students and even con-
sider a mandatory credential before allowing a pharmacist or
pharmacy technician to compound a medication [26, 97–99].

It is worth noting that 4-aminopyridine and liothyronine
are fairly uncommon medications, however they accounted
for a large number of compounding concentration errors.
There is nothing particularly special about these

Table 2 Summary of subtherapeutic and supratherapeutic error.

Medication Number Patient age < 18 years Patient age ≥ 65 years Administered at home ICU admission Deaths

Tacrolimus 9 patients, 1 error [93] 9/9 0/9 9/9 Unknown Unknown

Clonidine 6 patients, 5 errors [106–110] 6/6 0/6 6/6 3 0

4-Aminopyridine 4 patients, 3 errors [111–113] 0/4 0/4 4/4 2 0

Liothyronine 4 patients, 3 errors [114–116] 0/4 1/4 4/4 3 0

Colchicine 3 patients, 1 error [91] 0/3 1/3 0/3 3 3

Morphine 3 patients, 1 error [95] 3/3 0/3 0/3 1 0

Atropine 2 patients, 2 errors [117, 118] 0/2 1/2 2/2 1 0

Atenolol 1 patient, 1 error [119] 1/1 0/1 1/1 0 0

Flecainide 1 patient, 1 error [120] 1/1 0/1 1/1 1 0

Hydrocortisone 1 patient, 1 error [121] 1/1 0/1 1/1 0 0

Pyrimethamine 1 patient, 1 error [122] 1/1 0/1 1/1 0 0

Phenytoin 1 patient, 1 error [123] 1/1 0/1 1/1 1 0

Total 36 patients, 21 errors 23 patients, 11 errors 3 patients, 3 errors 30/36 15/27* 3/27*

*Number of ICU admissions and deaths from 9 tacrolimus patients unknown therefore not included
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medications which make them prone to concentration er-
rors, except for the fact that they are not readily commer-
cially available, and so they must be compounded. The
prescribers of these medications need to carefully consider
the benefits and risks of prescribing a treatment which re-
quires compounding; especially when the risks are so great
(status epilepticus with 4-aminopyridine and thyrotoxico-
sis with liothyronine). Liothyronine, in particular, has had
its clinical utility recently questioned. For example, the
National Health Service (UK) has recently called on gen-
eral practitioners to stop prescribing liothyronine without
specialist consultation, as most patients benefit equally
from commercially prepared levothyroxine [100]. Given
the risks of inadvertent overdose due to compounding er-
rors, providers must consider commercially available alter-
natives whenever able. In fact, it has been questioned
whe the r p rov ide r s who knowing ly presc r ibe a
compounded medication despite commercially available
alternatives might be legally liable for any harm resulting
from compounding errors [101]. At the very least, it is
incumbent on prescribers as well as pharmacists to educate
their patients on the risks of taking a compounded
medication—both from errors in concentration and
contamination—and to instruct them on when to present
to a healthcare provider. Additionally, practitioners must
be aware of their patients’ medication lists, and consider a
possible compounding error as a cause of medical illness.
Notably, we found that the majority of concentration errors
were made in pediatric and geriatric patients, vulnerable
populations who are already at increased risk of providers
failing to diagnose toxicity from prescription medications.

In 2020 and beyond, we anticipate the demand for
compounding to only increase. The number of novel ther-
apeutics continues to rise rapidly, as do their approved
routes of administration. The anti-angiogenesis medication
bevacizumab is a classic example; it is commercially
manufactured but is frequently compounded into smaller
aliquots for intravitreal administration. As we have seen,
this process has unfortunately resulted in multiple out-
breaks of endophthalmitis [72–76]. Furthermore, regional
and global disasters have recently resulted in significant
pharmaceutical supply chain issues. Examples of this phe-
nomenon include Hurricane Maria’s impact on Puerto
Rican manufacturers in 2017 and the COVID-19 pandemic
[120–123]. These disruptions place increased demand on
alternative means of supply, including via pharmaceutical
compounding. In fact, the COVID-19 pandemic and its
associated drug shortages has already resulted in the loos-
ening of FDA restrictions, including allowing outsourcing
facilities to compound copies of commercially available
drugs for hospital use [21].

Our study has its limitations. While we made every ef-
fort to capture published cases of compounding errors, it is

possible that our search criteria missed some cases that
would have impacted our analyses. While we also strove
to review less-traditional sources, including conference ab-
stracts and FDA alerts, we are not free of publication bias
and are at risk for having excluded compounding errors not
associated with adverse events, or with very small numbers
of patients affected. Similarly, it must be noted that
compounding errors can only be identified following ad-
verse events, laboratory screening, or industry or govern-
mental report. Even once identified, we were dependent on
the publication of the error in order to capture it here. As
such, we are likely underreporting the frequency with
which compounding errors occur.

Conclusions

Compounding is more relevant than ever. Appreciating
that the need for compounding is unlikely to diminish
in the near future, we can only re-emphasize the critical
nature of our recommendations for the federal and state
governments to fully fund the oversight of outsourcing
facilities, for healthcare practices to refuse medications
compounded without strict adherence to CGMP and
FDA regulations, for pharmacy schools to expand
compounding training and certification, and for physi-
cians to think critically about the risks of prescribing
medications that are not commercially produced.
Conversely, we must remain aware that compounding
pharmacies frequently provide an essential service and
poorly calibrated regulations may contribute to issues of
access. Ultimately, medical providers must remain vigi-
lant, especially when caring for members of vulnerable
populations, and consider the possibility that a new-onset
illness may very well be the result of a compounding
error.
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