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Abstract

Purpose: Statins are among the most prevalent medications prescribed and associ-
ated with adverse events that may prompt additional treatment (i.e., a prescribing
cascade). No comprehensive assessment of statin-related prescribing cascades has
been performed to our knowledge.

Methods: We utilized sequence symmetry analysis to iteratively screen prescribing
sequences of all therapeutic classes (“marker” classes) based on Level 4 Anatomical
Therapeutic Chemical codes among adult statin initiators, using IBM Marketscan
commercial and Medicare supplemental claims databases (2005-2019). Order of ini-
tiation and secular trend-adjusted sequence ratios were calculated for each statin-
marker class dyad, among marker class initiators £90 days of statin initiation. Among
signals classified as prescribing cascades, we calculated naturalistic number needed
to harm (NNTH) within 1 year as the inverse of the excess risk among exposed.
Results: We identified 2 265 519 statin initiators (mean * SD age, 56.4 + 12.0 years;
48.7% women; 7.5% with cardiovascular disease). Simvastatin (34.4% of statin initia-
tors) and atorvastatin (33.9%) were the most commonly initiated statins. We identi-
fied 160 significant statin-marker class dyad signals, of which 35.6% (n = 57) were
classified as potential prescribing cascades. Of the top 25 strongest signals (lowest
NNTH), 12 were classified as potential prescribing cascades, including osmotically
acting laxatives (NNTH, 44, 95% Cl 43-46), opioids + non-opioid combination anal-
gesics (81, 95% Cl 74-91), and first-generation cephalosporins (204, 95% ClI
175-246).

Conclusions: Using high-throughput sequence symmetry analysis screening, we iden-
tified previously known prescribing cascades as well as potentially new prescribing

cascades based on known and unknown statin-related adverse events.
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Key Points

e A prescribing cascade occurs when an initial therapy (e.g., a statin) causes some adverse
event (e.g., myopathy) that prompts use of an additional therapy (e.g., analgesic).

e Using prescription sequence symmetry analysis on ~2.3 million statin initiators, we screened
524 medication classes to detect occurrence of statin-related prescribing cascades and iden-
tified 160 (31%) having a prescribing cascade signal

e Among these signals, 57 (36%) were classified as potentially true prescribing cascades based
on expert review

e Of the top 25 strongest signals (lowest number needed to harm), 12 were classified as poten-
tial prescribing cascades, including osmotically acting laxatives, opioids/non-opioid combina-

tion analgesics, and first-generation cephalosporins.

Plain Language Summary

Statins are among the most commonly-prescribed medications and are associated with side
effects that are sometimes treated with other medications (a “prescribing cascade”). Among adult
new statin users, we assessed prescribing sequences of statin and 524 other therapeutic “marker”
classes. Order of initiation (statin then marker or vice-versa) and sequence ratios were calculated
for each combination. Among positive signals (i.e., those with a higher ratio of patients who
started the marker after the statin than before the statin), we calculated the naturalistic number
needed to harm (NNTH), a measure of how many people would need to initiate a statin for one
person to experience the prescribing cascade within 1 year. We identified 2 265 519 statin initia-
tors (mean age, 56.4 years; 49% women; 7.5% with cardiovascular disease). Simvastatin and ator-
vastatin (each 34% of statin initiators) were the most commonly initiated statins. We identified
160 significant statin-marker class signals, of which 35.6% (n = 57) were considered potential pre-
scribing cascades by expert reviewers. Of the top 25 strongest signals (lowest NNTH), 12 were
potential prescribing cascades, including osmotically acting laxatives, opioids + non-opioid combi-

nation pain medications, and cephalosporin antibiotics. Herein, we confirmed known prescribing

1 | INTRODUCTION

HMG-CoA reductase inhibitors (statins) are a cornerstone for primary
and secondary atherosclerotic cardiovascular disease (ASCVD) preven-
tion.! In 2013, greater than 1 in 4 adults received >1 statin prescription,
totaling >221 million prescriptions filled within that year in the
United States alone.? Statins are generally well-tolerated; however,
their ubiquitous use exposes millions of individuals to potentially
treatment-limiting adverse events.® The most well-known adverse
event is myalgia, occurring in ~5% of statin initiators, although esti-
mates are higher in older adults.* Because of the notoriety of this
adverse event, myalgias comprise nearly three-quarters of all statin-
related adverse events reported by physicians.® Other lesser known or
unknown statin-related adverse events may go undetected, prompting
subsequent prescribing of a new medication to treat statin-related
adverse events - a phenomenon known as a prescribing cascade.>~8
Cardiovascular-related prescribing cascades are considered high pri-
ority targets for deprescribing.” To date, seven statin-related prescribing
cascades have been described (Table S1 in the supplement).lo’17 How-
ever, many of these cascades reflect known adverse events observed in
large clinical trials or from spontaneous adverse event reporting and
thus may have been expected. Although these hypothesis-driven

cascades and identified potentially new prescribing cascades from statin-related adverse events.

approaches provide clinically important insight into the presence and
magnitude of prescribing cascades, they are not designed to discover
new cascades, particularly those unrelated to previously known statin
adverse events. Given the expansive use of statins and the few known
statin-related prescribing cascades, additional statin-related prescribing
cascades likely exist and signals of such cascades may be detectable via
high-throughput screening approaches. Discovery of new cascades
could facilitate clinical support systems to prevent and mitigate statin-
related prescribing cascades and increase rates of deprescribing for one
of the most utilized medication classes in adults. Therefore, we aimed to
implement a high-throughput signal detection program, using the
sequence symmetry analysis (SSA), to identify potential statin-related
prescribing cascades using real-world data among patients with com-

mercial insurance and/or Medicare supplemental coverage.

2 | METHODS
21 | Datasources

We used MarketScan Commercial and Medicare Supplemental Claims
databases (IBM Corp) from January 2005 to December 2019. These
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US nationwide administrative claims databases contain deidentified
person-level information on employees, their dependents, and retirees
with employer-sponsored or Medicare Supplemental insurance and
capture health care utilization and enrollment records across various
settings, including outpatient visits, hospital stays, and pharmacy
claims. The study was considered exempt by the University of Florida
institutional review board. We used the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) reporting guide-

line to ensure appropriate reporting.*®

22 | Design

We used high-throughput SSA screening to identify potential statin-
related prescribing cascades.!??° This hypothesis-free pharmacovigi-
lance approach uses a case-only study design to assess temporality of
an index drug initiation (i.e., statin) relative to initiation of all other
“marker” drugs (i.e., all other medication classes) hereafter referred to
as statin-marker class dyads.?*?? Included patients were statin initia-
tors (see Table S2 for complete list of statin products), who had their
first statin fill between 2007-2018, inclusive, were aged 220 years at
statin initiation, and had 2720 days of continuous enrollment before
and 2360 days after statin initiation. These continuous enrollment
requirements were chosen to ensure true new use of statins, to cap-
ture all marker drug use during the year prior to and after statin initia-
tion, and to meet requirements for sensitivity analyses (described
further below).

We used Anatomical Therapeutic Chemical (ATC) codes to group
marker drugs hierarchically into medication classes for high-
throughput screening. The ATC classification system is maintained by
the World Health Organization and classifies medications into groups
at 5 levels, where Level 1 indicates the broad anatomical group
(n = 14 total), Level 4 indicates the chemical subgroup/drug class (see
Table S3 for example), and Level 5 indicates the specific drug/
chemical substance (n ~ 5000 total). Among statin initiators, we iden-
tified the first claim for any marker drug within a given ATC Level
4 subgroup. In other words, if an individual filled multiple different
medications (unique ATC Level 5) within a given ATC Level 4 sub-
group, we only included the date of first fill within the ATC Level
4 subgroup. Next, we required the marker drug initiation to occur
within £90 days of statin initiation for the primary analysis as to focus
on acute onset adverse events.?® In sensitivity analyses, we extended
that window to £180 and 360 days to assess for adverse events with
longer induction periods. Patients were excluded if they had a claim
for any drug within the same marker drug class in the 720 to 361 days
prior to statin initiation. For each ATC Level 4 subgroup, all included
patients in the statin-marker drug dyad were evaluated using the SSA.
These analyses were completed iteratively until all ATC Level 4 sub-
groups were evaluated. Baseline characteristics (age, sex, calendar
year of statin initiation, Charlson Comorbidity Index, specific statin
medication, statin intensity, or if a combination product) of statin initi-
ators were measured at the time of statin initiation or in the 360 days
prior to statin initiation (Tables S4 and S5).242°

2.3 | Analyses

For each unique statin-marker class dyad, we determined the crude
sequence ratio (cSR) as the number of patients who initiated the
marker class after statin initiation divided by the number of patients
who initiated the marker class before the statin. Excess initiation of a
marker class after the statin, relative to before the statin, results in a
cSR >1 and may indicate presence of a prescribing cascade.

Each statin-marker class dyad was represented graphically by
plotting the distribution of timing of marker class initiation (in 10-day
intervals), relative to statin initiation, for each exposure window (90,
180, 360 days) surrounding statin initiation. To adjust for secular
trends in medication use (i.e., increasing or decreasing use of statins
or marker drugs during the study period), we calculated a null-effect
ratio, which is essentially the odds ratio of the exposure occurring
prior to the event in the source population and which accounts for
the sequence ratio that would be expected absent any causal associa-
tion (i.e., due to incident medication use trends).2¢ We then estimated
an adjusted sequence ratio (aSR) with 95% confidence interval (Cl) by
dividing the cSR by the null-effect ratio. All aSRs with a lower CI limit
>1 were considered statistically significant under the assumption that
no within-person time-varying bias exists.2”

For each statin-marker class dyad considered statistically signifi-
cant, we estimated excess risk among exposed and corresponding nat-
uralistic number needed to harm (NNTH) within 1 year. The NNTH
represents the number of patients needed to be exposed (to the index
drug, i.e., a statin) for one additional patient to experience the pre-
scribing cascade by initiating the marker drug.?®?® Excess risk among
exposed was calculated as the difference between the number of
patients initiated on the marker class after statin initiation and the
number of patients initiated on the same marker class before statin
initiation, divided by the total number of statin initiators, standardized
to a rate per 1000 person-years accounting for a 90-day exposure
window in the primary analysis. The NNTH was calculated as the
inverse of the excess risk among exposed, that is, the number of
patients needed to be treated with a statin to experience one pre-
scribing cascade within that marker class.?°

24 | Classification of signals

All statistically significant signals (aSRs with 95% Cls >1) in the pri-
mary analysis underwent manual review through a systematic process
to differentiate potential prescribing cascades from false positive sig-
nals, which could have been due to detection bias (i.e., new condition
identified with corresponding new medication initiated during routine
monitoring of statin), disease progression (i.e., new medications initi-
ated to treat progression of underlying cardiovascular disease), thera-
peutic escalation (i.e., escalation of therapy [2nd or 3rd line
treatments] in conditions unrelated to statin indication), or reverse
causation (i.e., decreased statin initiation following the initiation of
marker class [e.g., reduced statin treatment following cancer treat-

ment]).2%?2 Signals not thought to represent potential prescribing
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cascades were classified as “Other” when assessing for signal classifi-
cation as these false positive signals may be due to multiple biases.
Manual review was conducted in two stages. First, pharmacy trainees
(n = 4) were trained by one of the principal investigators (SMV) in the
use of primary (e.g., PubMed/MEDLINE searches), secondary
(e.g., drug monographs, package inserts), tertiary (e.g., drug informa-
tion databases) drug information sources for assessing potential pre-
scribing cascades and their underlying mechanisms to support signal
classification. Two pharmacy trainees reviewed each significant signal
and assigned it an initial classification, as described above, along with
supporting literature. These two pharmacy trainees independently
developed material to provide literature support (i.e., findings and cita-
tions) for each significant signal including possible underlying
mechanism(s) (i.e., putative statin-induced adverse events that might
prompt marker drug use). Trainees then assigned an initial classifica-
tion, as described above, for each signal. Two principal investigators
with clinical expertise in cardiometabolic disease and aging (SMS,
SMV) then independently classified each signal using material devel-
oped by pharmacy trainees and ad hoc literature evaluations, when
needed. Agreement and a kappa statistic were generated between the
two principal investigator reviewers. Finally, consensus was made by
the principal investigators via discussion when disagreements
occurred.

All analyses were conducted using SAS statistical software ver-
sion 9.4 (SAS Institute). The hypothesis was 2-sided with an o < 0.05,
and aSR with a confidence interval range >1 considered statistically
significant. Tableau Desktop 2021.2 was used to visualize results in
an interactive fashion. Data were analyzed from March 2021 through
February 2022.

3 | RESULTS

We identified 2 290 011 distinct statin initiators. The mean + SD age
of the cohort was 56.4 + 12.0 years, and the cohort was comprised of
19.3% (n = 442 288) patients aged =65 years, 48.7% women
(h = 1114 591), and 7.5% (n = 171 189) had evidence of cardiovas-
cular disease (Table 1). Simvastatin was the most commonly initiated
statin (34.4%; n = 788 467), followed by atorvastatin (33.9%;
n = 775503) and pravastatin (14.0%; n = 319 628). Only 2.9%
(n = 66 336) of patients initiated a statin as part of a fixed-dose com-
bination product. Results of the high-throughput SSA screening are
displayed interactively at: https://public.tableau.com/app/profile/
cvmedlab/viz/Resultsofthehigh-throughputSSAscreening/
TableofContentsFlowchart.

Among the 524 ATC Level 4 subgroup marker drug classes in the
primary analysis, 160 had a statistically significant aSR >1 (Table Sé).
Among these significant signals, agreement on signal classification
(e.g., “Potential Prescribing Cascade” or “Other”) between the two
investigator reviewers was 83.75% (k = 0.63). In total, 35.6% (n = 57)
of the 160 statin-marker class dyad prescribing cascade signals were
classified as potential prescribing cascades. When categorized at ATC

Level 1, the most prevalent potential prescribing cascades belonged

TABLE 1
the cohort.

Baseline characteristics of statin initiators included in

Statin initiators

Characteristics (n=2290011)

Age, years
<65 1847 723 (80.7)
265 442 288 (19.3)
Sex
Male 1175 420 (51.3)
Female 1114 591 (48.7)

Calendar year

2005-2010 923 284 (40.3)
2011-2014 821 998 (35.9)
2015-2019 544 729 (23.8)
Charlson comorbidity index
0 119 936 (5.2)
1-2 936 228 (40.9)
3-4 934 049 (40.8)
>5 299 798 (13.1)
Other comorbid conditions
Atherosclerotic cardiovascular 171 189 (7.5)
disease
Liver disease 107 334 (4.7)
Kidney disease 178 431 (7.8)
Statin intensity
Low 420 023 (18.3)
Moderate 1627 678 (71.1)
High 242 310 (10.6)
Statin Type
Simvastatin 788 467 (34.4)
Lovastatin 91 074 (4.0)
Pravastatin 319 628 (14.0)
Fluvastatin 2546 (0.1)
Atorvastatin 775 503 (33.9)
Rosuvastatin 238 794 (10.4)
Pitavastatin 7663 (0.3)
Statin combination drugs 66 336 (2.9)

to the Alimentary Tract and Metabolism Anatomical group (n = 17),
followed by the Nervous System group (n = 12). As shown in
Figure 1, of the top 25 strongest significant signals (as ranked by aSR),
10 were classified as potential prescribing cascades, including poly-
myxins (aSR, 5.16, 95% Cl 1.18-22.55), zinc (aSR, 2.62, 95% Cl 1.42-
4.87), and magnesium (aSR, 2.62, 95% Cl 1.74-3.93). Figure 2 summa-
rizes the top 25 statistically significant signals ranked by lowest
NNTH. Among these, 12 were classified as potential prescribing cas-
cades, including osmotically acting laxatives (NNTH 44, 95% Cl 43-
46), opioids in combination with non-opioid analgesics (NNTH
81, 95% Cl 74-91), and first generation cephalosporins (NNTH
204, 95% Cl 175-246). Other relevant potential statin-marker class
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ATC4 Marker Class

Polymyxins (JO1XB)

Vasopressin antagonists (CO3XA)

Other alkylating agents (LO1AX)

Zinc (A12CB)

Magnesium compounds (A02AA)

EGFR tyrosine kinase inhibitors (LO1EB)

Magnesium (A12CC)

Enzymes (BO6AA)

Dantrolene and derivatives (MO3CA)

Vitamin K (B02BA)

Antihypertensives for pulmonary arterial hypertension (C02KX)
Gonadotropins (GO3GA)

Androgens & female sex hormones in combinations (GO3EK)
Antiarrhythmics, class Ib (C01BB)

Other antianemic preparations (B0O3XA)

Sodium (A12CA)

Estrogens, combinations with other drugs (GO3CC)
Sodium-glucose co-transporter 2 (SGLT2) inhibitors (A10BK)
Iron in other combinations (BO3AE)

Iron bivalent, oral preparations (BO3AA)

Calcitonin gene-related peptide (CGRP) antagonists (N02CD)
3-oxoandrosten (4) derivatives (GO3BA)

Proteolytic enzymes (DO3BA)

Pregnadien derivatives (G03DB)

Phenothiazines with aliphatic side-chain (NO5AA)

Total N Prescribed
Statin & Marker Drug  After

17
11
13
50
17
59
157
244
49
561
67
60
48
300
475
124
60
4794

1505
1513
331

111
171

388
45
41
32

205

319
83
39

3108

147

169
44

536

962
209

Marker Marker
Before

Adjusted SR

(95% Cl)

2 516 (1.18-22.55)

3 3.93(1.04-14.81)
29 2.86(1.88-4.37)
14 2.62(1.42-4.87)
32 262(1.74-3.93)
17 2.60 (1.48-4.56)
46 250 (1.77-3.52)
73 2.38(1.81-3.14)
15 2.23(1.21-4.09)
173 2.21(1.84-2.64)
22 2.14(1.29-3.57)
19 2.11(1.22-3.63)
16 2.03(1.11-3.70)
95  2.03(1.59-2.59)

156
41
21
1686
83
94
17
303
549
551
122

1.99 (1.64-2.41)
1.92 (1.32-2.79)
1.84 (1.08-3.13)
1.83 (1.72-1.94)
1.82 (1.39-2.38)
1.81 (1.41-2.33)
1.79 (1.02-3.14)
1.76 (1.53-2.02)
1.73 (1.56-1.93)
1.72 (1.55-1.91)
1.71 (1.37-2.14)

PC Classification

Potential PC
Other
Other

Potential PC

Potential PC
Other

Potential PC
Other

Potential PC
Other
Other
Other
Other
Other
Other
Other

Potential PC

Potential PC
Other
Other
Other

Potential PC

Potential PC
Other

Potential PC

0.5 1 2 10
aSR (95% Cl)

FIGURE 1 Top 25 strongest significant signals from sequence symmetry analyses of statin-marker class dyads by adjusted sequence ratio.
PC, prescribing cascade; SR, sequence ratio. Forest plot square sizes are weighted by the Total N prescribed both a statin and marker drug.

ATC4 Marker Class

Osmotically acting laxatives (AOBAD)

Opioids in combination with non-opioid analgesics (NO2AJ)
Platelet aggregation inhibitors excl. heparin (BO1AC)
Other lipid modifying agents (C10AX)

Other ophthalmologicals (S01XA)

First-generation cephalosporins (JO1DB)

Propulsives (A04AA)

Electrolyte solutions (A12BA)

Natural opium alkaloids (NO2AA)

Antiarrhythmics, class Ill (CO1BD)

Sulfonamides, plain (CO3CA)

Glucagon-like peptide-1 (GLP-1) analogues (A10BJ)
Dipeptidyl peptidase 4 (DPP-4) inhibitors (A10BH)

Direct factor Xa inhibitors (BO1AF)

Nicotinic acid and derivatives (C04AC)

Nicotinic acid and derivatives (C10AD)

Salicylic acid and derivatives (NO2BA)

Phenothiazine derivatives (RO6AD)

Enemas (AOGAB)

Combinations of oral blood glucose lowering drugs (A10BD)
Sodium-glucose co-transporter 2 (SGLT2) inhibitors (A10BK)
Aldosterone antagonists (CO3DA)

Other opioids (NO2AX)

Angiotensin Il receptor blockers (ARBs), plain (CO9CA)
Phenothiazines with piperazine structure (NO5AB)

Total N Prescribed
Statin & Marker Drug

61,118
153,018
55,789
15,304
21,886
64,742
25,313
31,810
16,517
8,363
37,401
9,015
12,818
8,224
7,277
7,276
10,813
25,161
9,691
11,337
4,794
9,656
48,783
46,341
5,299

Marker
After
37,002
79,985
31,174
9,701
12,526
33,768
14,071
17,333
9,546
5,291
19,935
5,524
7,405
5,024
4,514
4,513
6,284
13,344
5,591
6,389
3,108
5,481
24,992
23,768
3,225

Marker
Before
24,116
73,033
24,615
5,603
9,360
30,974
11,242
14,477
6,971
3,072
17,466
3,491
5,413
3,200
2,763
2,763
4,529
11,817
4,100
4,948
1,686
4,175
23,791
22,573
2,074

NNtH
(95% CI)
44 (43-46)
81 (74-91)
88 (83-94)
143 (137-150)
181 (168-197)
204 (175-246)
205 (186-228)
211 (189-240)
222 (205-243)
262 (247-280)
267 (229-322)
288 (268-312)
292 (266-324)
318 (295-346)
331 (308-359)
331 (308-359)
333 (303-372)
357 (303-438)
391 (352-442)
396 (352-455)
406 (380-438)
450 (398-521)
478 (354-743)
483 (359-743)
499 (455-556)

PC
Classification
Potential PC
Potential PC
Other
Other
Other
Potential PC
Potential PC
Other
Other
Other
Other
Potential PC
Potential PC
Other
Other
Other
Other
Potential PC
Potential PC
Potential PC
Potential PC
Other
Potential PC
Other
Potential PC

oo

0

200 400 600 800
NNtH in 1 Year (95% CI)

FIGURE 2 Top 25 strongest signals from sequence symmetry analyses of statin-marker class dyads by naturalistic number need to harm.
NNtH, naturalistic number needed to harm (within 1 year); PC, prescribing cascade.
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FIGURE 3 Significant statin-marker class dyad signals by adjusted sequence ratio and naturalistic number needed to harm. Dyads are

grouped (color-coded) at the Anatomical Therapeutic Chemical Level 1 category. Dyads classified as potential prescribing cascades are highlighted
whereas those classified as non-prescribing cascades are faded. Labeled dyads are examples of potential prescribing cascades and non-prescribing

cascades.

dyad prescribing cascades, as ranked by NNTH, included propulsives
(NNTH 205; 95% Cl, 186-228), anticholinesterases for cognitive
impairment (NNTH 1250; 95% Cl, 989-1734), 3-oxoandrosten-
4-derivatives (NNTH 2479; 95% Cl, 2113-3099), anticholinesterases
for myasthenia gravis (NNTH, 9282; 95% Cl, 6767-17 693), and dan-
trolene and its derivatives (NNTH 30523; 95% Cl, 22279-95 187).
The completed findings of signals by NNTH and excess risk among
exposed are available in the online visualization noted above.

Figure 3 (and the interactive plot linked above) summarizes statis-
tically significant statin-marker class dyads by NNTH and aSR and
highlights those that were classified as potential prescribing cascades.
A majority of potential prescribing cascades had an ASR <2 and NNtH
<25 000 with few signals with a strong magnitude but otherwise rare
occurrences including Magnesium (A12CC), Magnesium compounds
(AO2AA), Estrogens, combination with other drugs (GO3CC), Zinc
(A12CB), Dantrolene and derivatives (MO3CA), and Polymyxins
(JO1XB).

Additional sensitivity analyses using 180-day and 360-day expo-
sure windows revealed, in general, qualitatively similar results to the
main analysis. These findings can be further explored using our inter-

active visualization, as above.

4 | DISCUSSION

With the use of high-throughput SSA screening, we systematically
evaluated statin-marker class dyad prescribing cascade signals across
all ATC Level 4 subgroups (n = 524). Overall, we detected 160 signals
that warranted further exploration. After classification, we determined
32.5% (n = 57) of these signals were potential statin-marker class
dyad prescribing cascades. We subsequently ranked potential statin-
marker class dyad prescribing cascades by (1) aSR as a measure of
magnitude of the signal and (2) NNTH or excess risk to the exposed
as a measure of impact within the population. In terms of considering
the clinically meaningful impact (e.g., identifying prescribing cascades
that impact the most patients), NNTH or excess risk among exposed
is likely the preferred ranking order, and has been used in prior high-
throughput SSA screening evaluation.??

Using NNTH, our strongest signal thought to be a potential
prescribing cascade was osmotically acting laxatives (AO6AD
[e.g., magnesium citrate, lactulose] with a NNTH of 44 [22.55 excess
cases per 1000 patient-years]). These findings may reflect risk
of constipation observed in randomized controlled trials of statins,

which showed up to 6.6% of statin-treated patients reporting
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constipation.2”2° However, although constipation is listed as a com-
mon side effect in the approved labeling for most statins, it is worth
noting that a causal relationship between statins and gastrointestinal
effects has not been clearly established.3!~32 Several analgesic-related
signals were detected, likely indicative of the well-known association
between statins and myalgias.>*~3¢ For example, opioids in combina-
tion with non-opioid analgesics (NO2AJ [e.g., oxycodone with acet-
aminophen, tramadol with acetaminophen] had an NNTH of
81 [12.33 excess cases per 1000 patient-years]). Topical NSAIDs
(MO2AA [e.g., topical diclofenac] were also detected as a potential
prescribing cascade but with a larger NNTH of 1569 [0.64 excess
cases per 1000 patient-years]).

Other statin-related adverse events that may have resulted in
potential prescribing cascades include skin infections (cephalosporins [-
e.g., cephalexin]; JO1DB),Y”%” cognitive impairment (anticholinesterases
[e.g., donepezil], NO6DA),*% nausea (propulsives [e.g., ondansetron;
AO4AA], phenothiazine derivatives [e.g., promethazine; RO6AD]),
(GO3BA;
g., testosterone]),*® myasthenia gravis (NO7AA; acetylcholinesterases [-

low testosterone 3-oxoandrosten-4-derivatives  [e.-
eg., pyridostigmine]),***? and rhabdomyolysis (dantrolene and
derivatives; MO3CA).**** We also found potential prescribing cascades
that may be results of previously unknown adverse events including
tremor (NO3AA; barbiturates and derivatives [e.g., primidone]) and ear
infections (antibiotics [e.g., neomycin otic]; AO7AA) although there is a
known association between statins and hearing loss.*>*¢

We were also able to replicate several previously evaluated
statin-related prescribing cascades. We identified similar findings with
phenothiazines with piperazine structure (e.g., prochlorperazine;
NO5AB) compared to findings using the Australian Department of
Veteran's Affairs (aSRs of 1.55 vs. 1.50).1° As previously noted, we
also had similar findings with acetylcholinesterases (e.g., donepezil,
NO6DA) compared to an analysis using Korean National Health Insur-
ance Service data (aSRs of 1.30 vs. 1.44).1> We identified a strong sig-
nal for skin infections (cephalosporins [e.g., cephalexin]; JO1DB)
however, found no signal for beta-lactamase resistant penicillins
(e.g., dicloxacillin; JO1CF) somewhat contrasting findings from the
Australian Department of Veterans' Affairs data.'” Additionally, we
classified signals involving medications used to treat diabetes mellitus
as a potential prescribing cascade (Combinations of oral blood glucose
lowering drugs [e.g. metformin and sulfonylureas], A10BD; Alpha glu-
cosidase inhibitors [e.g. acarbose], A10BF; Dipeptidyl peptidase
4 (DPP-4) inhibitors [e.g. sitagliptin], A10BH; Glucagon-like peptide-1
(GLP-1) analogs [liraglutide], A10BJ; Sodium-glucose co-transporter
2 (SGLT2) inhibitors [e.g. empagliflozin], A10BK; Other blood glucose
lowering drugs, excluding insulins [e.g. pramlintide], A10BX). Similar
finding was noted using aggregated glucose-lowering medications as
the marker drug also using Australian Department of Veterans' Affairs
data.’” However, it is difficult to disentangle the known association
between statins and diabetes with therapeutic progression for cardio-
metabolic syndrome, and the latter may play a significant role in the
observed associations.

We were unable to replicate some other potential statin-related

prescribing cascade identified in prior research. For example, we could

not replicate previous signals associated with quinine (P01BC)!? and
medications for overactive bladder (e.g., oxybutynin, mirabegron
[GO4BD]).'? Differences in timing of these studies—and by extension,
prevailing statin initiation patterns at the time of study conduct—may
help explain these apparent discrepancies. For example, the identifica-
tion of a statin-overactive bladder medication prescribing cascade
stems from database mining in Japan in 2006-2013, and was identi-
fied only with pravastatin, which was initiated relatively infrequently
(14% of new statin users) in our study. We likewise could not replicate
previous  findings involving  benzodiazepine-related drugs
(e.g., zolpidem [NO5CF]); however, we did identify a potential pre-
scribing cascade with other benzodiazepines commonly used to treat
sleep disorders (e.g., temazepam [NO5CD]).2® Moreover, we were
unable to replicate a prior signal associated with hepato-protective
drugs, identified by Zhang et al, as these marker drugs are not com-
mercially available in the United States.'®

Overall, 64.4% (n = 103) of signals were classified as “Other” and
there were unlikely to be prescribing cascades due to a variety of fac-
tors. For example, the subsequent prescribing of other lipid modifying
agents (e.g., ezetimibe; C10AX) was viewed as likely being indicative
of disease progression. Additionally, the subsequent prescribing of
antineoplastic and immunomodulating agents (ATC Level 1 - L), which
comprised 9.7% of the presumed false positive statin-marker class
dyad prescribing cascade signals, were likely indicative of reverse cau-
sation. In other words, it may be more likely there is a decrease in
statin initiation following antineoplastic and immunomodulating agent
initiation rather than an increase in antineoplastic and immunomodu-
lating agent initiation following statin initiation. We also identified sig-
nals that were deemed likely due to detection bias (e.g., Vitamin B12
treatment due to deficiencies likely identified during statin monitor-
ing). In a previous evaluation using high-throughput SSA screening to
assess non-vitamin K antagonist oral anticoagulants-related prescrib-
ing cascades, 9 of the top 20 signals, as ranked by NNTH, were classi-
fied as false positive prescribing cascade signals.?2 Our findings were
similar when restricting to the top 25 signals, as ranked by NNTH, in
which 13 signals were classified as false positives signals.

There are several noteworthy strengths of our study, including the
first high-throughput SSA screening for prescribing cascades conducted
in the United States and on one of the most prescribed drugs classes
which included over 2 million new users.? We classified all significant
signals instead of restricting assessment to a certain aSR or NNtH
threshold as in past research.?? This approach allowed us to assess sig-
nals impacting few patients which is potentially helpful in identifying
adverse events with low incidence. Additionally, we used the SSA which
inherently controls for time-invariant covariates (e.g., sex) and uses the
pre-statin initiation window as a control group. Finally, we reported our
aggregate findings publicly allowing for greater transparency.

Nevertheless, our study also had important limitations. Classification
of signals was based on an evaluation of data and clinical knowledge and
may be subject to misclassification; however, classification was deter-
mined by multiple evaluators via consensus. Second, findings may be
overestimated due to within-person time varying bias (e.g., disease pro-

gression); however, we attempted to mitigate such overestimation by
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restricting marker initiation to a 90-day exposure window rather than a
180- or 360-day window, as is most common in other SSA research.?°
This approach was informed by exploration of negative controls as
described in our prior work.?” Third, we studied a commercially-insured
population, with limited numbers of older individuals (<20% aged
>65 years), thus our findings may not be generalizable to older individ-
uals. Finally, we did not account for multiple testing and it is likely that
our high-throughput approach prompted spurious associations. Prior
work has suggested corrections for multiple testing may not be advanta-
geous in this setting.21*”*® Nevertheless, we acknowledge that our find-
ings are hypothesis-generating, and need additional confirmation in a
traditional cohort study is necessary for confirmation.*’

5 | CONCLUSION

Using the high-throughput SSA screening, we identified previously
known prescribing cascades, new potential prescribing cascades based
on known statin-related adverse events, and new potential prescribing
cascades based on previously unknown adverse events. This approach
to identify prescribing cascades should be considered hypothesis-gen-
erating; however, our findings could be used to generate discussions
in clinical practice on the risk versus benefits of continued statin ther-
apy in light of the initiation of potentially unnecessary medications.
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