
Boston University School of Law Boston University School of Law 

Scholarly Commons at Boston University School of Law Scholarly Commons at Boston University School of Law 

Faculty Scholarship 

2021 

The Effect of Generic Market Entry on Antibiotic Prescriptions in The Effect of Generic Market Entry on Antibiotic Prescriptions in 

the United States the United States 

Cecilia Kållberg 

Jemma Hudson 

Hege Salvesen Blix 

Christine Årdal 

Eili Klein 

See next page for additional authors 

Follow this and additional works at: https://scholarship.law.bu.edu/faculty_scholarship 

 Part of the Health Law and Policy Commons 

https://scholarship.law.bu.edu/
https://scholarship.law.bu.edu/faculty_scholarship
https://scholarship.law.bu.edu/faculty_scholarship?utm_source=scholarship.law.bu.edu%2Ffaculty_scholarship%2F1155&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/901?utm_source=scholarship.law.bu.edu%2Ffaculty_scholarship%2F1155&utm_medium=PDF&utm_campaign=PDFCoverPages


Authors Authors 
Cecilia Kållberg, Jemma Hudson, Hege Salvesen Blix, Christine Årdal, Eili Klein, Morten Lindbæk, John-
Arne Røttingen, Ramanan Laxminarayan, and Kevin Outterson 



ARTICLE

The effect of generic market entry on antibiotic
prescriptions in the United States
Cecilia Kållberg 1,2✉, Jemma Hudson3, Hege Salvesen Blix2,4, Christine Årdal 2, Eili Klein5,6,7,

Morten Lindbæk1, Kevin Outterson 8,9, John-Arne Røttingen1,2,11 & Ramanan Laxminarayan 5,10

When patented, brand-name antibiotics lose market exclusivity, generics typically enter the

market at lower prices, which may increase consumption of the drug. To examine the effect

of generic market entry on antibiotic consumption in the United States, we conducted an

interrupted time series analysis of the change in the number of prescriptions per month for

antibiotics for which at least one generic entered the US market between 2000 and 2012.

Data were acquired from the IQVIA Xponent database. Thirteen antibiotics were analyzed.

Here, we show that one year after generic entry, the number of prescriptions increased for

five antibiotics (5 to 406%)—aztreonam, cefpodoxime, ciprofloxacin, levofloxacin, ofloxacin

—and decreased for one drug: cefdinir. These changes were sustained two years after.

Cefprozil, cefuroxime axetil and clarithromycin had significant increases in trend, but no

significant level changes. No consistent pattern for antibiotic use following generic entry in

the United States was observed.
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Antimicrobial resistance (AMR) is a global challenge that
raises mortality from infectious diseases and increases
healthcare costs1,2. Antibiotic use is a primary driver of

AMR3 and remains at a high level in the United States, despite
efforts to improve prescribing practices and discourage inap-
propriate use4,5. As much as 30% of oral antibiotic use in the
United States may be unnecessary6. Apart from factors such as
patients’ and physicians’ expectations, physicians’ training, and
patient characteristics7,8, the price and introduction of generics are
potential drivers for overconsumption9–14. Generic drugs enter
the market shortly after exclusivity rights (e.g., patent protection
and data exclusivity) for the original patented drug end14. This
was made possible by the Hatch-Waxman act, allowing companies
to obtain approval for generic drugs without conducting addi-
tional clinical trials14. As a result, availability and access increase,
while individual and national health expenditures fall, benefiting
healthcare systems15,16. In the case of antibiotics, generics could
potentially increase inappropriate antibiotic consumption and
hasten the development of antibiotic resistance9–14,17.

After generic entry, amoxicillin-clavulanate use in the United
States and ciprofloxacin use in Denmark increased9,14. In Den-
mark, study findings showed a correlation between generic entry
of ciprofloxacin and increased cases of ciprofloxacin-resistant
Escherichia coli from urine isolates9. In Germany, generic entry
of cephalosporins and fluoroquinolones increased the use of
these antibiotic classes13. A more recent study examining the
effect of generic entry of levofloxacin on fluoroquinolone use and
meropenem on carbapenem use in five European Union coun-
tries and in the United States18 showed significant increases in
some cases and significant decreases in others, with no dis-
cernible patterns between different antibiotics or different
countries. These previous studies have focused only on a few
antibiotics, not addressed alternative explanations to their find-
ings (co-interventions)9,14,18 or not accounted for secular
trends14.

In this study, we analyze the effect of loss of exclusivity on the
use of antibiotics for systemic use that had at least one generic
enter the US market between 2000 and 2012, using an interrupted
time series (ITS) design. We hypothesized that a level increase in
antibiotic prescriptions would be visible by 6–12 months after the
entry of the first generic and by 24 months at the latest. This was
the case for five antibiotics (aztreonam, cefpodoxime, cipro-
floxacin, levofloxacin, and ofloxacin), whereas one (cefdinir)
showed a decrease, one year after generic entry. These changes
were sustained two years after. Our second hypothesis was an
increase in trend, which was the case for three antibiotics (cef-
prozil, cefuroxime axetil, and clarithromycin). These changes
represented use leveling out. Together, these findings indicate no
consistent pattern for antibiotic use following generic entry in the
United States.

Results
Descriptive analysis. We identified 13 antibiotics that met the
inclusion criteria (Figs. 1 and 2). Cefuroxime axetil was included
despite generic availability of cefuroxime sodium, which comes
only as an intravenous (IV) drug, whereas cefuroxime axetil is an
oral treatment available for outpatient care. Azithromycin had the
highest number of prescriptions—approximately three times
greater than any other antibiotic—at the time of generic entry,
followed by ciprofloxacin, cefdinir, levofloxacin, clarithromycin,
and cefuroxime axetil. For all but two antibiotics (aztreonam and
piperacillin/tazobactam), prescriptions almost completely con-
sisted of generic products after generic entry. Aztreonam and
piperacillin/tazobactam were, together with cefpodoxime, deme-
clocyline, and meropenem, the antibiotics with only one or two

manufacturers of generic products one year after generic entry
(Supplementary Table 1 and Supplementary Fig. 1).

Overview of results. Prescriptions for five antibiotics—aztreo-
nam, cefpodoxime, ciprofloxacin, levofloxacin, and ofloxacin—
had a statistically significant increase 6–12 months after generic
entry, which was sustained two years after generic entry. Cefdinir
was the only antibiotic showing a significant decrease in pre-
scriptions against the historical trend, sustained over time
(Tables 1 and 2). Cefprozil, cefuroxime axetil, and clarithromycin
experienced immediate significant increases in trend, but with no
significant changes in the level detected within two years of
generic entry. Eight of the 13 antibiotics had a declining trend
prior to generic entry (Table 1) (9 including levofloxacin based on
visual inspection), including four of the antibiotics with the
highest number of prescriptions (cefuroxime axetil, ciprofloxacin,
clarithromycin, and levofloxacin). In two of the cases showing
significant level changes—ciprofloxacin and levofloxacin—pre-
scriptions initially declined, then rose. In four cases—aztreonam,
cefdinir, cefpodoxime, and ofloxacin—the changes represented
trends leveling out. This was also the case for cefprozil, cefur-
oxime axetil, and clarithromycin. For the remaining antibiotics,
no significant changes were detected (Figs. 1 and 2).

Changes in number of prescriptions 6–12 months after generic
entry. Six months after generic entry, ciprofloxacin prescriptions
had increased by 427.82 per one million population (95% con-
fidence interval [CI] 247.18 to 608.45, p-value < 0.001, relative
change 12%), ofloxacin prescriptions had increased significantly
by 0.17 per one million population (95% CI 0.10 to 0.24, p-value
< 0.001; note logged data, relative change 4%), whereas cefdinir
prescriptions had decreased by −0.27 per one million population
(95% CI −0.45 to −0.10, p-value 0.003; note logged data, relative
change 3%). Twelve months after generic entry, aztreonam pre-
scriptions had increased significantly by 0.04 per one million
population (95% CI 0.01 to 0.08, p-value= 0.018, relative change
406%), cefpodoxime prescriptions increased by 0.22 per one
million population (95% CI 0.03 to 0.41, p-value= 0.026; note
logged data, relative change 5%), and levofloxacin prescriptions
increased by 672.41 per one million population (95% CI 495.93 to
848.89, p-value < 0.001, relative chage 29%) (Table 2 and Sup-
plementary Table 2).

Changes in number of prescriptions 24 months after generic
entry. For the six antibiotics that showed significant increases/
decreases 6–12 months after generic entry, changes were sustained
over the subsequent year. Twenty-four months after generic entry,
prescriptions had increased significantly for ciprofloxacin by
1104.26 per one million population (95% CI 887.76 to 1320.76, p-
value < 0.001, relative change 33%), ofloxacin prescriptions by 0.38
per one million population (95% CI 0.29 to 0.48, p-value < 0.001,
note logged data, relative change 12%), whereas cefdinir pre-
scriptions had decreased significantly by −0.85 per one million
population (95% CI −1.12 to −0.58, p-value < 0.001, note logged
data, relative change 10%). Aztreonam prescriptions had sig-
nificantly increased by 0.05 per one million population (95% CI
0.01 to 0.09, p-value= 0.008, relative change not availbale due to
negative values), cefpodoxime prescriptions by 0.45 per one mil-
lion population (95% CI 0.20 to 0.70, p-value= 0.001; note logged
data, relative change 12%), and levofloxacin prescriptions by
1989.14 per one million population (95% CI 1668.09 to 2310.19,
p-value < 0.001, relative change 125%) (Table 2 and Supplemen-
tary Table 2).
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Fig. 1 Antibiotics showing a significant level increase/decrease within two years after generic entry. Change in number of antibiotic prescriptions per
one million population before and after generic entry (vertical line), with projected level of prescriptions if generic entry had not taken place (dashed line). a
Aztreonam. b Cefdinir; note logged data. c Cefpodoxime; note logged data. d Ciprofloxacin. e Levofloxacin. f Ofloxacin; note logged data.
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Fig. 2 Antibiotics showing no significant level change within two years after generic entry. Change in number of antibiotic prescriptions per one
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Sensitivity analysis and co-interventions. In 2001, the United
States experienced the anthrax attacks. As a result, the United States
stockpiled ciprofloxacin, leading to price negotiations with the
innovator, Bayer19,20. After the US government threatened a
compulsory license, Bayer agreed to lower prices in October 2001.
Given the unique media attention and direct price intervention for
ciprofloxacin, we conducted an ITS analysis excluding the anthrax
attacks. This analysis showed that generic introduction had a sig-
nificant increase in prescriptions of 408.60 per one million popu-
lation (95% CI 59.54 to 757.66, p-value= 0.022, relative change
11%) after 12 months and 803.76 per one million population (95%
CI 314.13 to 1293.39, p-value= 0.002, relative change 22%) by
24 months (Supplementary Tables 2–4). Meropenem and piper-
acillin/tazobactam showed greater variation in the beginning of the
time series, whereas ciprofloxacin had one outlier in the pre-
intervention data. In addition, we identified a total shortage of
aztreonam between June 2009 and June 2010 reported by the Food
and Drug Administration (FDA). Removing data for the months
affected by the aztreonam shortage, removing the ciprofloxacin
outlier, and restricting the dataset to only include data from 2005 in
the case of meropenem and from 2007 in the case of piperacillin/
tazobactam did not alter the results, apart from postponing the
significant increase seen in aztreonam by 6 months (Supplementary
Tables 3 and 4).

Discussion
In this study, we used ITS analyses to measure the effect of
generic entry on antibiotic prescriptions in the United States.
Significant increases in prescriptions were observed one year after
generics were introduced in the case of five antibiotics: aztreo-
nam, cefpodoxime, ciprofloxacin, levofloxacin, and ofloxacin.
One antibiotic—cefdinir—had a significant decrease in prescrip-
tions one year after generic entry. For all six, the changes were
sustained two years after. In the case of aztreonam, cefpodoxime,
and ofloxacin, the changes represented negative trends leveling
out. In two instances—ciprofloxacin and levofloxacin—generic
entry led to negative prescription trends turning positive.
Although cefprozil, cefuroxime axetil, and clarithromycin
experienced immediate significant increases in trend, there were
no significant changes in the level detected within two years of
generic entry. Use of these three antibiotics represented a leveling

out over time. In the remaining cases, results were insignificant.
All three fluoroquinolones included in the study were among the
five antibiotics showing significant increases sustained two years
after generic entry. However, the results suggest that the increase
in ciprofloxacin was partly the result of the anthrax attacks and
the subsequent price negotiation and stockpiling in October 2001.

Research on the effect of market exclusivity on drug use is
relevant for the discussion about affordability and access to
medicines, as well as responsible use. Multiple reports show how
drug prices are increasing in the United States, reducing access
and compromising health21,22. At the same time antibiotic
resistance is increasing globally because of overuse of antibiotics4.
For most antibiotics included in this study, use was declining even
before generic entry took place and no dramatic change occurred
when generics entered the market. This is not surprising, given
that antibiotics are relatively inexpensive products, available only
by prescription, and face competition from other antibiotics even
when under patent protection. Many antibiotics also show strong
seasonal trends, implying that the use depends on infectious
disease prevalence—something that makes antibiotics different
from, e.g., opioids.

Other factors coincident with generic entry, so-called co-
interventions, could alter the trajectory of prescriptions23,24. We
found that generic entry for aztreonam coincided with the market
entry of Cayston (an inhalation treatment often used for patients
with cystic fibrosis). This could have promoted the IV formula-
tion of aztreonam as a treatment option for patients with cystic
fibrosis and increased its use, as the IV formulation of aztreonam
has clinical benefits for cystic fibrosis patients as well25, and as IV
antibiotics are sometimes used for preparing inhalations. Another
plausible explanation for the observed changes in prescriptions
for aztreonam, cefpodoxime, and ofloxacin is that consumption
leveled out when approaching zero, as “negative consumption” is
not possible. In the case of ciprofloxacin, the anthrax attacks and
resulting stockpiling seem to have affected prescriptions. We did
not find alternative explanations for the significant changes seen
in the other antibiotics. FDA reported safety issues for fluor-
oquinolones in October and December 2008 due to an increased
risk for tendinitis and tendon rupture, and azithromyzin in May
2012 and December 2013 due to an increased risk for fatal irre-
gular heart rythms26. None of these events coincided with time of

Table 1 Trends before and after generic entry.

Baseline trend Immediate change in trend

Antibiotic Estimate 95% CI p-Value Estimate 95% CI p-Value

Azithromycin 37.991 (22.219, 53.763) <0.001 −3.677 (−25.545, 18.190) 0.740
Aztreonam −0.001 (−0.002, −0.001) <0.001 0.001 (−0.001, 0.004) 0.328
Cefdinira 0.028 (0.023, 0.032) <0.001 −0.032 (−0.042, −0.023) <0.001
Cefpodoximea −0.023 (−0.029, −0.018) <0.001 0.019 (0.012, 0.027) <0.001
Cefprozila −0.014 (−0.015, −0.013) <0.001 0.008 (0.006, 0.010) <0.001
Cefuroxime axetil −18.691 (−26.250, −11.132) <0.001 17.513 (9.466, 25.560) <0.001
Ciprofloxacin −8.066 (−11.648, −4.485) <0.001 37.580 (32.815, 42.346) <0.001
Clarithromycin −28.233 (−36.437, −20.028) <0.001 17.987 (6.922, 29.052) 0.002
Demeclocycline 0.018 (0.000, 0.035) 0.044 −0.012 (−0.033, 0.009) 0.251
Levofloxacin 57.064 (2.188, 111.940) 0.042
Meropenem 0.001 (0.000, 0.001) 0.007 0.002 (−0.002, 0.007) 0.281
Ofloxacina −0.035 (−0.037, −0.033) <0.001 0.012 (0.010, 0.014) <0.001
Piperacillin/Tazobactam −0.001 (−0.002, 0.001) 0.199 0.001 (−0.008, 0.009) 0.880

Results of the interrupted time series analysis, measuring the changes in number of antibiotic prescriptions per one million population per month. “Baseline trend” corresponds to the trend in
prescriptions before generic entry. “Immediate change in trend” corresponds to the change in trend after generic entry. Graphs used to assess linearity and seasonality, as well as Akaike information
criterion and the Bayesian information criterion for each antibiotic is available in the Supplementary Figs. 4–16. Either segmented regression was used with Prais–Winsten regression when autocorrelation
was present. Two-sided test was used with no adjustment for multiple comparisons.
aData were logged.
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generic entry for these drugs. Unrelated to generic entry, it is
possible that the decrease in levofloxacin, beginning in 2008, was
partly due to safety issues, as that was the year FDA issued a
safety warning. One of the effects of vaccines is a decrease in the
use of antibiotics27. Five vaccines were added to the vaccination
program in the United States between 2000 and 2012; pneumo-
coccal vaccines in 2000 (7-valent) and 2010 (13-valent), influenza
vaccine in 2004, quadrivalent meningococcal vaccine in 2005, and
rotavirus vaccine in 200628. The 7-valent pneumococcal vaccine
had a major impact on infections caused by the bacteria strains
covered by the vaccine, with the main effect seen between 2000
and 200229. This coincided with the generic introduction of
cefuroxime axetil and could have masked a significant increase in
use, which, according to our results, had an insignificant increase.
Based on the same logic, the increase in the use of levofloxacin
could have been reduced by the introduction of the 13-valent
pneumococcal vaccine causing a decrease in upper respiratory
tract infections. However, decreases should then be visible in
other respiratory tract antibiotics as well at this point in time,
which was not the case. In contrast to the other vaccines, which
target mainly the younger population, the influenza vaccine tar-
gets all age groups. Although this makes it relevant to this study,
the impact of the influenza vaccine is more difficult to assess
given that both effectiveness and coverage differs each season.
Therefore, we cannot rule out that the effect of generic entry of an
antibiotic used for respiratory tract infections was masked by the
influenza vaccine. In 1995, the Centers for Disease Control and
Prevention (CDC) launched the National Campaign for Appro-
priate Antibiotic Use in the Community, which was renamed Get
Smart: Know when antibiotics work campaign in 200330,31. Get
Smart promotes responsible use of antibiotics and supports states
and communities to develop and implement stewardship
programs32. We did not find any programs that were imple-
mented simultaneously in all states, and which could be linked in
time with the dates for generic entry of the antibiotics included in
this study. Although statewide and community-based programs
have contributed to improvement in antibiotic use, it is unlikely
that they would be able to cause a significant change in national
use of one specific antibiotic at a specific point in time. Between
2000 and 2012, CDC reported increases of macrolide-resistant
bacteria, including Streptococcus pneumoniae, Carbapenem-
resistant Enterobacteriaceae, extended spectrum Betalactamase,
and fluoroquinolone-resistant bacteria2,33. Although resistance
develops gradually, an immediate impact on use could happen if
the resistance levels led to nationwide guideline changes. We were
not able to detect a guideline change that coincided with our dates
for generic entry. On the contrary, all three fluoroquinolones
included in the study were among the antibiotics with significant
increases in prescriptions and in 2012 azithromycin was the most
prescribed antibiotic in outpatient care in the United States,
despite growing levels of resistance towards these antibiotics34.

It is possible that the antibiotics included in this reseach
impacted each other by competing for the same market shares.
This would be relevant primarily for antibiotics with similar
indications, formulation, and generic entry at close proximity in
time. The three fluoroquinolones included in the study all showed
an increase in use, so regardless of whether or not they had an
impact on each other it should not have affected the outcome.
However, a number of the oral antibiotics, where generic entry
had a mixed effect, have respiratory tract infections as indications
—azithromycin, cefdinir, cefpodoxime, cefprozil, cefurox-
ime axetil, clarithromycin, as well as ciprofloxacin, levofloxacin,
and ofloxacin (Supplementary Table 5). It is possible that the
generic entry of azithromycin, preceeding the generic entry of
cefdinir and cefprozil, could have contributed to the lack of
increase in cefprozil and the decrease of cefdinir. Then again, asT
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azithromycin use far exceeds the use of any of the other anti-
biotics, one would expect a similar effect on some of the other
antibiotics, or that there would be no significant increases at all
for any of the antibiotics with lower levels of use. Given the
number of indications for each antibiotic, it is difficult to know
exactly which antibiotic would substitute another in practice and
we acknowledge that there is likely some level of impact between
the different antibiotics. However, we were not able to detect any
patterns that would support the idea that our findings were the
result of generic entry of the other antibiotics.

The significant decrease in cefdinir was surprising. It may have
been related to the decrease in the prevalence of acute otitis
media, which has been attributed partly to a change in treatment
recommendations and introduction of pneumococcal
vaccines35,36. However, the decrease took place in between the
introduction of the two vaccines, so it is unlikely that the 7-valent
pneumococcal vaccine would have caused a sharp decrease in use
seven years after introduction. Clinical treatment guidelines from
2004 lists amoxicillin as the first-line treatment for acute otitis
media. In the case of allergy, cefdinir, cefpodoxime, and cefur-
oxime axetil are listed as alternatives37. It is possible that the
generic introduction of cefuroxime axetil in 2002 and cefpodox-
ime in 2004 contributed to the decreased use of cefdinir. In
addition, azithromycin, one of the most commonly used anti-
biotics for respiratory tract infections, became available as a
generic little more than a year before cefdinir became available as
a generic. This could have contributed to the decrease in cefdinir
since the two antibiotics have similar indications.

Our findings suggest that, consistent with evidence from other
countries18, generic entry has limited and inconsistent effects on
antibiotic use in the United States, with no significant, sustained
increase in more than half of cases. However, we note that there was
a positive significant change in trend without an accompanying
change in level for three of the 13 antibiotics and, although trends
leveling out as sales approach zero might partly explain this, we
cannot rule out the possibility that introduction of generics may
lead to a change in trend that leads to increased prescribing over
longer time horizons. Overall, prescriptions were surprisingly stable
over time. The reason for increasing levels of antibiotic prescrip-
tions (and thereby use) and resistance is multifactorial and complex,
and models should not assume that generic entry will automatically
increase antibiotic prescriptions in settings like the United States.
Nevertheless, some antibiotic classes, namely fluoroquinolones,
could be more sensitive. Interestingly, a significant increase in
fluoroquinolone use was also observed by Stephens18, by Jensen
et al.9, and by Kaier13. However, it is difficult to know whether this
is coincidental, as the three studies did not include more than one
other antibiotic or class and did not discuss alternative explanations
for their findings. Also, the increase in fluoroquinolones was
notable, given the well-known problems related to both resistance
and side effects38. Arguably, this increase could be considered
inappropriate (even if the anthrax attacks were a likely contributing
factor), but without looking at overall antibiotic use and use by
antibiotic class, this is difficult to judge.

Our study included all antibiotics for which generics were
introduced between 2000 and 2012, which allows for analyzing
differences among classes, formulations, and target indications.
Nevertheless, several limitations should be considered when
interpreting our findings. Research shows that price reductions
depend on the number of generics introduced to market17, with a
small effect on price after the first generic entry39; the biggest
price reduction occurs after the second generic entry40. We did
not have access to dates of subsequent generic entry. However, for
eight of the 13 antibiotics in our study, three or more generic
products were approved one year after the first generic entry
(Supplementary Table 1)38, making multiple generic entries a

possibility for most of the antibiotics. In addition, for most
antibiotics, generics accounted for the majority of prescriptions
within one year of their introduction (Supplementary Fig. 1).
According to the Hatch-Waxman Act, the first generic product is
allowed 180 days of exclusivity against subsequent generic
entrants14. Although the rule does not cover authorized generic
products (generics produced by the brand owner), it could have
delayed a potential price reduction by limiting competition. To
account for a delay in the effect of generic entry, we included
analysis of the effect 24 months after the event. Information
regarding the number of manufacturers includes only approvals
to market and depends on companies actively notifying the FDA
if products are taken off market. This means that the number of
manufacturers could have been overestimated. We did not
examine class-based substitution effects, which could explain
some of the trends observed—e.g., if increases in the use of a
particular antibiotic were due to declines in sales in a sub-
stitutable product. Finally, we addressed the issue of co-
interventions by searching for events that could have affected
use. However, given the multitude of factors that influence anti-
biotic use, there could be co-interventions that we have over-
looked. Additional research is needed to explore the effect of
generic entry on antibiotic prices and to consider differences
among antibiotic classes. Research is also needed to determine the
effects, including access and antibiotic resistance, when generics
enter the market in low- and middle-income countries.

Methods
Study design. We used an ITS design, a quasi-experimental approach to evalu-
ating public health interventions23,24, to assess the effect of loss of market exclu-
sivity on antibiotic use. The intervention being studied was generic entry, defined
as the month when prescriptions of the first generic were first recorded. We chose
generic entry to mark the end of exclusivity because alternatives, such as patent
expiration date or approval date of the first generic product, do not guarantee that a
generic has entered the market. Moreover, companies manufacturing brand-name
antibiotics may contract with generic manufacturers to distribute a generic version
of the product prior to the end of exclusivity. We therefore compared the date of
the first recorded generic prescription with FDA approval dates to ensure that
approval preceded distribution of generics. This was the case for all but one
antibiotic (ciprofloxacin), for which the intervention date was set to the month
when both generic prescription and approval had occurred (Supplementary
table 1). The outcome measure was total number of prescriptions per capita per
month (including oral and parenteral formulations of both brand and generic
products).

The effect estimates used in ITS analysis is level and trend23. With respect to
antibiotics, a level change represents the difference in antibiotic use between the
specified post-intervention time point and the pre-intervention regression line that
is extrapolated to that same time point (counterfactual). A change in trend
represent an increase or decrease in the slope of a time series segment after the
intervention compared with the time series segment preceding the intervention23

(Supplementary Fig. 2). There is no consensus on which effect estimate to report,
and they are inconsistently used when reporting the results of ITS analysis41. The
selection of which effect estimates to give weight ultimately depend on the specifics
of each individual study, including the intervention and its expected impact on the
outcome measure. Research show that the number of generic products entering the
market and generic price decline is biggest during the first 12–24 months after
generic entry, and stabilizing after that42. Therefore, it is reasonable to assume that
an impact on antibiotic prescriptions should be visible by 6–12 months after the
entry of the first generic. Thus, our pre-specified hypothesis was a change in level at
6 and 12 months as the primary time points to model the effect. To assess whether
the effect was consistent over a longer period or delayed, we also modeled the
effects after 18 and 24 months. These are the same or similar time points that have
been used in other research measuring the impact of generic entry on antibiotic
use9,14,18. In addition, we examined the trend after first generic entry to assess
changes in the rate of antibiotic prescriptions. Our second hypothesis was an
immediate change in trend.

Data sources. Data on antibiotic prescriptions in the United States were obtained
from the IQVIA Xponent database, which contains the monthly number of anti-
biotic prescriptions filled in a pharmacy based on product sales data from retail
pharmacies. IQVIA Xponent data have been extensively used in other studies of
antibiotic prescribing43–47. As all prescriptions that are filled are not necessarily
consumed, the number of filled prescriptions may overstate consumption. We
accounted for population growth using data from the US Census Bureau48.
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Identifying antibiotics for analysis. We identified antibiotics of interest by
reviewing monthly product prescription data. The inclusion criteria were anti-
biotics for systemic use for which a generic product entered the market between
2000 and 2012 of the same formulation and strength based on New Drug Appli-
cation (NDA)/Abbreviated New Drug Application (ANDA) status, obtained from
the FDA website38. The following antibiotics were included: azithromycin,
aztreonam, cefdinir, cefpodoxime, cefprozil, cefuroxime axetil, ciprofloxacin, clar-
ithromycin, demeclocycline, levofloxacin, meropenem, ofloxacin, and piperacillin/
tazobactam (Figs. 1 and 2). All antibiotics included in our analysis had sales data
for at least 24 months before and 24 months after the date of generic entry,
timelines started in January 1999 for all antibiotics. Additional information about
each antibiotic, obtained from the FDA website38, included the following: active
substance, brand name, generic name, company responsible for approval of the
brand drug, date of NDA/ANDA approval, formulation, class, approved indication,
and number of companies with approved generics 12 and 24 months after generic
entry (Supplementary Tables 1 and 5).

Statistical analysis. Segmented regression analysis, a statistical method commonly
used in ITS design, was conducted and uses time-series data to measure change in
level and change in trend, allowing for underlying trends before and after the event
of interest (intervention)23,24,49. The statistical model used for this model is

Yt ¼ β0 þ β1*Timet þ β2*Interventiont þ β3*Time after interventiont þ et ð1Þ

where Yt is the total number of prescriptions per capita per month at time t, β0
estimates the baseline level, β1 estimates the pre-intervention trend, β2 estimates
the change in level, and β3 is the change in trend. “Time” is a continuous variable
and is time since the start of the series. “Intervention” is an indicator for when the
intervention occurred at time t and is coded 0 pre-intervention and 1 post-
intervention. “Time after intervention” is a continuous variable, time t is coded 0
pre-intervention and is time− time point when the intervention occurred. et is the
error term. Supplementary Fig. 2 shows a description of the effect estimates.
Autocorrelation and seasonality were assessed using autocorrelation function and
partial autocorrelation function. Visual inspection, as well as looking at the pre-
dicted values, were also used to determine whether seasonality needed to be
adjusted for, as well as whether to fit a linear or a quadratic regression, or if the data
needed to be log-transformed (Supplementary Table 6). If autocorrelation was
present, a Prais–Winsten regression was used, which assumes first-order auto-
correlation process. If seasonality was present, then a seasonal covariate was
included. To assess the model fits, the Akaike information criterion and the
Bayesian information criterion were used. The level of significance was set to 5%.
Outliers were addressed through sensitivity analysis by assessing whether results
were robust to their exclusion. Time series were complete for all but one antibiotic
(aztreonam), which lacked two months of data. This is possibly because of failure
in the reporting system or low sales. Because of deviant data points (not related to
the generic entry, as they occurred more than six years after), the timelines for
ciprofloxacin and ofloxacin were shortened (Supplementary Fig. 3). In one case
(levofloxacin), quadratic regression was fitted, resulting in no baseline estimation
(Supplementary Table 6). In addition to absolute change, relative change was
calculated using the following equation:

Rt ¼ 100*
Level effectt

Predicted valuet
� �� Level effectt

� � ð2Þ

where Rt is the relative change at time t, “Level effectt” is the change in level at time
t, and “Predicted valuet” is the counterfactual at time t50. Analysis was done using
Stata1551. To identify potential co-interventions (events that coincide with the
intervention and affect the outcome measure thereby impacting the result), we
conducted a systematic search using open-access internet resources and published
articles23,24. Factors considered possible co-interventions included safety issues,
infectious disease outbreaks, changes in treatment guidelines, vaccination pro-
grams, stockpiling, drug shortages, price negotiations, stewardship programs, and
antibiotic resistance. Safety issues for each of the 13 antibiotics were identified
using the FDA drug safety communications26. Infectious disease outbreaks and
development of antibiotic resistance were identified searching reports by the
CDC2,33. We searched for changes in treatment guidelines developed by the
Infectious Diseases Society of America and in treatment guidelines posted on the
CDC webpage52,53. Changes in the US vaccination program were identified using
the CDC “Immunization schedules”28. In addition, we searched PubMed Google
and Google Scholar using the following combinations of search terms: [pathogen]
AND vaccine; outbreak bacteria USA; antibiotic prescriptions USA; antibiotic
stewardship program AND [antibiotic]; antibiotic shortage; antibacterial drug
shortages; antibiotic stockpiling; antibacterial stockpiling; price negotiations AND
[antibiotic].

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from IQVIA
(www.iqvia.com), but restrictions apply to the availability of these data, which were used
under license for the current study, and so are not publically available. The terms of
IQVIA’s licensing agreement preclude sharing of the data. Other researchers may
purchase the data from IQVIA directly.

Code availability
STATA code is available from Github under https://github.com/ceka2000/Antibiotic-
codes/tree/v1.0.0
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