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Abstract

Background/Objectives: We described adverse event reporting patterns for insulin glargine
marketed as 100 units/mL (Lantus), 300 units/mL (Toujeo), and 100 units/mL biosimilars
(Basaglar/Semglee). Methods: We analyzed Food and Drug Administration Adverse Event
Reporting System (FAERS) reports received from 2015 through 2025 that listed insulin
glargine as a primary or secondary suspect. Reports were grouped by trade name into
standard-strength originator (Lantus), high-strength (Toujeo), and biosimilar products.
We defined a composite serious outcome (death, life-threatening event, hospitalization, or
disability). Logistic regression adjusted for age, sex, reporter type, and year received; Firth’s
penalized regression was used for sparse death and hospitalization outcomes. Sensitivity
analyses restricted to reports without concomitant suspect products, overlapping calendar
windows, and healthcare professional reports. Geographic reporting patterns were ana-
lyzed by country. Results: We included 43,905 eligible reports (Lantus: 35,927; Toujeo: 3699;
biosimilars: 4279). Unadjusted death was highest for Lantus (8.2%) followed by biosimi-
lars (6.0%) and Toujeo (3.2%). In the primary adjusted model (n = 28,519), reports listing
Toujeo had lower adjusted reporting odds of the composite serious outcome compared
with Lantus (aOR 0.88, 95% CI 0.81-0.96), while biosimilars showed higher odds (aOR
1.24, 95% CI 1.11-1.38). The biosimilar association was not robust: it attenuated without
concomitant drugs (aOR 1.07, 95% CI 0.92-1.23) and reversed in healthcare professional
reports (aOR 0.65, 95% CI 0.49-0.87). Device-related events were lower for biosimilars (aOR
0.58) and Toujeo (aOR 0.85). Geographic heterogeneity was extreme (Egypt 76.9% death vs.
Italy 0.8%), and the US protective association reversed in recent years. Conclusions: After
adjustment for report-level characteristics, Toujeo was associated with lower reporting odds
of serious outcomes, while biosimilar findings were inconsistent across sensitivity analyses
and driven by consumer reporting. Geographic heterogeneity and the Egypt outlier un-
derscore the fragility of cross-country comparisons in spontaneous reporting data. These
findings reflect reporting-behavior heterogeneity rather than differential product safety.

Keywords: biosimilar; FAERS; hypoglycemia; pharmacovigilance; spontaneous reporting

1. Introduction

Diabetes mellitus remains one of the fastest-growing chronic diseases worldwide and
continues to drive a large share of preventable complications and healthcare costs [1,2].
Many people will eventually need basal insulin, either because of progressive beta-cell
failure in type 2 diabetes or as essential therapy in type 1 diabetes [3,4]. Insulin glargine
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has been used for decades as a once-daily basal insulin. The standard-strength U100 origi-
nator (Lantus®) received FDA approval in April 2000, followed by a higher-strength U300
formulation (Toujeo®) in February 2015, which has a flatter and more prolonged pharma-
cokinetic/pharmacodynamic profile [3,5]. The EDITION phase 3 program demonstrated
that Toujeo was non-inferior to Lantus in glycemic control (HbAlc reduction) across diverse
patient populations, with statistically significant reductions in nocturnal hypoglycemia
in insulin-experienced patients with type 2 diabetes [6-9]. After patent expiry, lower-cost
U100 biosimilars entered the market, including Basaglar® (approved December 2016) and
Semglee® (approved July 2021, with interchangeable designation granted in 2023) [10,11].
The ELEMENT 2 randomized trial demonstrated comparable efficacy and safety between
Basaglar and Lantus in insulin-naive patients with type 2 diabetes [12], while the INSTRIDE
2 study confirmed non-inferiority of Semglee [13]. Systematic reviews and meta-analyses
of insulin biosimilars have consistently found no meaningful differences in efficacy, safety,
or immunogenicity compared with reference products [14-16].

Despite this robust clinical trial evidence, real-world uptake of biosimilar insulins
has been slower than anticipated, with biosimilar insulin accounting for less than 50% of
treatment days in the United States and several European countries as of 2023 [17]. This
hesitation reflects persistent concerns about manufacturing variability, immunogenicity,
and the “similar but not identical” paradigm [18]. Spontaneous reporting systems such
as the United States Food and Drug Administration Adverse Event Reporting System
(FAERS) can complement clinical studies by describing post-marketing report profiles, with
the important caveat that they do not provide incidence data and can be influenced by
channeling, switching patterns, time-on-market, and differential reporting behavior [19-21].

Recent FAERS-based analyses have examined insulin glargine safety in isolation.
Wang et al. (2025) characterized adverse drug events associated with insulin glargine
using disproportionality analysis [22]. More recently, Ezeja et al. (2025) conducted a
disproportionality analysis of Lantus and Semglee, reporting elevated reporting odds for
device issues with Semglee (reporting odds ratio [ROR] 118.7); however, that study did
not adjust for report-level confounders such as reporter type or calendar year, was limited
to two products, and used disproportionality metrics that are prone to inflation for newly
marketed products with small report denominators [23]. To our knowledge, no prior
FAERS study has simultaneously compared all three major glargine formulation groups
(originator U100, high-strength U300, and U100 biosimilars) using multivariable regression
with covariate adjustment, sensitivity analyses, negative control outcomes, and explicit
handling of geographic reporting heterogeneity.

We therefore aimed to characterize and compare adverse event reporting patterns
for Lantus® (U100), Touje0® (U300), and U100 biosimilars (Basaglar®/ Semglee®), with
attention to serious outcomes, glycemic events, and device/medication-error terms. Be-
cause FAERS lacks treatment initiation data and exposure denominators, this study is not
designed to estimate comparative safety but rather to characterize reporting patterns across
product groups, explicitly accounting for the biases inherent in spontaneous reporting data.

2. Results
2.1. Study Population and Descriptive Characteristics

A total of 43,905 adverse event reports met the inclusion criteria. These were cate-
gorized into three groups: standard-strength U100 originator (Lantus®, n = 35,927), high-
strength U300 (Toujeo®, n = 3699), and U100 biosimilars (Basaglar®/Semglee®, n = 4279).
As summarized in Table 1, unadjusted frequencies for serious outcomes differed by for-
mulation. The highest unadjusted death was reported for Lantus (8.2%), followed by
biosimilars (6.0%) and Toujeo (3.2%) (Chi-square p < 0.001).
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Table 1. Demographic and Clinical Characteristics of Adverse Event Reports.

Standard-Strength High-Strength (U300) Biosimilar (U100)

Characteristic (U100) (Lantus) (Toujeo) (Basaglar/Semglee) p-Value
Total Reports (1) 35,927 3699 4279 -
Age (Years)

Median (IQR) 65.0 (55.0-74.0) 66.0 (56.0-74.0) 64.0 (56.0-73.0) 0.273
Sex, n (%) 0.003
Male 14,783 (44.0%) 1558 (46.7%) 1880 (45.7%)

Female 18,795 (56.0%) 1775 (53.3%) 2230 (54.3%)

Outcomes, 1 (%)

Hospitalization 13,339 (37.1%) 1442 (39.0%) 1705 (39.8%) <0.001
Death 2932 (8.2%) 119 (3.2%) 257 (6.0%) <0.001
Life-Threatening 1222 (3.4%) 190 (5.1%) 103 (2.4%) <0.001 £
Disability 1624 (4.5%) 177 (4.8%) 205 (4.8%) 0.584

1 p <0.001 (statistically significant).

From the initial dataset of 52,060 reports, 7922 reports with ambiguous names and 233
listing multiple formulations were excluded to reach the 43,905 eligible reports (Figure 1).
To arrive at the final regression sample of 28,519 reports, an additional 15,386 reports were
excluded due to missing data for model covariates: 14,099 (32.1%) were missing age, 2884
(6.6%) were missing sex, and 1447 (3.3%) were missing reporter type. Appendix A Table A1l
shows that biosimilar reports and younger patients were disproportionately excluded by
this complete-case restriction.

TOTAL FAERS REPORTS 2015-2025 (AFTER DEDUPLICATION)

52,060 reports

[ Exclude ambiguous or non-target product names (n=7,922) ]—> -7,922 Q

44,138 reports

[ Exclude >1 glargine formulation in same case (n=233)J—> -233 8

43,905 ELIGIBLE REPORTS

V4 BT 3597 (S — 3699 | (£ Tes LU 4279 |
[ | |

v
[ Exclude missing age, sex, or reporter type (n=15,386) ]—> -15,386 @

28,519 COMPLETE-CASE ANALYSIS SAMPLE

Figure 1. Flow diagram of report selection and exclusions. FAERS reports received from 2015 through
2025 listing insulin glargine as a primary or secondary suspect. After deduplication following FDA
guidance, 52,060 unique reports were screened. Exclusions: ambiguous or non-target product names
(e.g., incomplete trade names, non-glargine insulins); cases listing more than one glargine formulation
(e.g., Lantus and Toujeo together). The complete-case analysis sample (1 = 28,519) excluded reports
missing age, sex, or reporter type (Table A1).
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2.2. Frequently Reported Events and Adjusted Comparisons

The most frequently reported MedDRA preferred terms differed by formulation
(Table 2) and were dominated by glycemic events and product/device-related terms. In
adjusted logistic regression models (Table 3), biosimilar reports showed lower reporting
odds of hypoglycemia (aOR 0.44, 95% CI 0.33-0.58) and diabetes mellitus inadequate control
(aOR 0.29, 95% CI 0.21-0.41) compared with Lantus. Toujeo reports showed slightly higher
reporting odds of hypoglycemia (aOR 1.14, 95% CI 1.00-1.29) and did not differ significantly
from Lantus for diabetes mellitus inadequate control (aOR 1.15, 95% CI 0.97-1.36).

Table 2. Top Reported Adverse Events (MedDRA Preferred Terms) by Formulation Group.

Preferred Term Standa;d(;z)trength High’;SE(t)/l(‘jngth Bi(;sig:;lar p-Value *
Blood Glucose Increased 5290 (14.7%) 581 (15.7%) 1039 (24.3%) <0.001
Hypoglycemia 3813 (10.6%) 493 (13.3%) 97 (2.3%) <0.001
Blood Glucose Decreased 1785 (5.0%) 234 (6.3%) 338 (7.9%) <0.001
Hyperglycemia 2060 (5.7%) 193 (5.2%) 38 (0.9%) <0.001
Diabetes Mellitus Inadequate Control 1307 (3.6%) 310 (8.4%) 104 (2.4%) <0.001
Device Malfunction 2076 (5.8%) 5 (0.1%) 3 (0.1%) <0.001
Product Quality Issue 1507 (4.2%) 30 (0.8%) 15 (0.4%) <0.001

Note: * p-values represent Chi-square comparison across the three groups. Abbreviations: MedDRA, Medical
Dictionary for Regulatory Activities.

Table 3. Adjusted Logistic Regression for Glycemic Events (Reference: Standard-Strength U100).

Preferred Term Comparison Adjusted OR (95% CI) p-Value
Diabetes Mellitus High-Strength (U300) vs. Standard-Strength ~ 1.15 (0.97-1.36) 0.101
Inadequate Control Biosimilar (U100) vs. Standard-Strength 0.29 (0.21-0.41) <0.001
) High-Strength (U300) vs. Standard-Strength ~ 1.14 (1.00-1.29) 0.047
Hypoglycemia
Biosimilar (U100) vs. Standard-Strength 0.44 (0.33-0.58) <0.001
Note: Models adjusted for age, sex, reporter type, and FDA received year.
2.3. Device- and Use-Related Event Clusters
Given the heterogeneity of device- and medication-related terms, we pre-specified
three separate clusters: device-related events, use-related errors, and product quality
issues. As shown in Table 4, biosimilar reports showed lower reporting odds for the
device-related cluster compared with Lantus (aOR 0.58, 95% CI 0.48-0.70; p < 0.001).
Toujeo reports also showed lower reporting odds for device-related events (aOR 0.85, 95%
CI 0.74-0.97; p = 0.018). For use-related errors, biosimilars showed a smaller and non-
significant reduction (aOR 0.89, 95% CI 0.77-1.03; p = 0.112), and Toujeo did not differ from
Lantus (aOR 0.97, 95% CI 0.86-1.10; p = 0.642).
Table 4. Adjusted Logistic Regression for Device- and Use-Related Event Clusters (Reference:
Standard-Strength U100).
Cluster Comparison Adjusted OR (95% CI) p-Value
High-Strength (U300) vs. Standard-Strength  0.85 (0.74-0.97) 0.018
Device-related events
Biosimilar (U100) vs. Standard-Strength 0.58 (0.48-0.70) <0.001
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Table 4. Cont.
Cluster Comparison Adjusted OR (95% CI) p-Value
High-Strength (U300) vs. Standard-Strength ~ 0.97 (0.86-1.10) 0.642
Use-related errors
Biosimilar (U100) vs. Standard-Strength 0.89 (0.77-1.03) 0.112

Note: Device-related events include device malfunction and device delivery system issues. Use-related errors
include incorrect dose administered, dose omission, medication error, wrong technique, accidental overdose,
and product administration error. Product quality issues were too infrequent for stable estimation. Models
adjusted for age, sex, reporter type, and FDA received year. Use-related errors showed no statistically significant
differences between groups after adjustment. The point estimates should not be interpreted as evidence of
superior use-pattern safety for biosimilars given the negative control findings and sensitivity analyses suggesting
residual bias.

2.4. Primary Analysis: Composite Serious Clinical Outcome

To assess reporting patterns for severe outcomes, we fitted a multivariable logistic
regression model for a composite serious clinical outcome (death, hospitalization, life-
threatening event, or disability) using the complete-case sample (1 = 28,519). In the primary
adjusted model (Table 5), reports listing Toujeo showed lower adjusted reporting odds
of the composite outcome compared with Lantus (aOR 0.88, 95% CI 0.81-0.96; p = 0.004),
while reports listing biosimilars showed higher adjusted reporting odds (aOR 1.24, 95% CI
1.11-1.38; p < 0.001). Model performance was modest (AUROC 0.66), reflecting the limited
predictive power of available covariates.

Table 5. Primary Analysis: Multivariable Logistic Regression for Composite Serious Outcome
(n =28,519).

Variable ﬁ:tjits(t:gl({))dds 95% CI p-Value
Formulation

Standard-Strength (Ref) 1.00 — —
High-Strength (Toujeo) 0.88 0.81-0.96 0.004
Biosimilar (Basaglar/Semglee) 124 1.11-1.38 <0.001
Covariates

Age (per 10-year increase) 1.00 0.99-1.02 0.892
Sex (Male vs. Female) 1.34 1.28-1.41 <0.001
Reporter (HCP vs. Consumer) 2.05 1.95-2.17 <0.001
FDA received year (per 1-year increase)  0.97 0.97-0.98 <0.001

Model performance: AUROC 0.66, Brier score 0.24. Composite outcome defined as death, hospitalization,
life-threatening event, or disability.

2.5. Sensitivity Analyses for the Composite Outcome

Table 6 summarizes sensitivity analyses for the composite serious outcome model.
When restricting to reports without any listed concomitant suspect drugs (n = 13,626), the
Toujeo association persisted (aOR 0.83, 95% CI 0.73-0.94), while the biosimilar association
attenuated and was no longer statistically significant (aOR 1.07, 95% CI 0.92-1.23). To
address product lifecycle concerns, we restricted the analysis to the 20202025 window
(n = 6402) where all products were concurrently available; Toujeo did not differ from
Lantus (aOR 0.99, 95% CI 0.87-1.12), while biosimilars remained higher (aOR 1.36, 95%
CI 1.18-1.55). Notably, when restricted to healthcare professionals (1 = 8255), both Toujeo
(aOR 0.77, 95% CI 0.67-0.88) and biosimilars (aOR 0.65, 95% CI 0.49-0.87) showed lower
reporting odds compared with Lantus. Sensitivity analyses using multiple imputation by
chained equations (MICE, 20 imputations under the missing-at-random assumption) and

https:/ /doi.org/10.3390/pharma5030021


https://doi.org/10.3390/pharma5030021

Pharmacoepidemiology 2026, 5, 21

60f19

missing indicator approaches (where missing categorical values were coded as a separate
category) yielded materially similar estimates (Appendix A Table A2), suggesting that the
complete-case restriction did not substantially bias the primary findings.

Table 6. Sensitivity Analyses for the Composite Serious Outcome Model.

Toujeo vs. Lantus  Biosimilars vs. Lantus

Analysis (Restriction) n* (aOR, 95% CI) (aOR, 95% CI)
Main analysis (primary model) 28,519 0.88 (0.81-0.96) 1.24 (1.11-1.38)
No concomitant suspect drugs 13,626  0.83 (0.73-0.94) 1.07 (0.92-1.23)
FDA year 2015-2025 16,082  0.94 (0.86-1.02) 1.38 (1.23-1.55)
FDA year 2020-2025 6402 0.99 (0.87-1.12) 1.36 (1.18-1.55)
Include “Unknown’ sex category 28,537  0.88 (0.80-0.96) 1.21 (1.09-1.35)
Healthcare professional reporters only ~ 8255 0.77 (0.67-0.88) 0.65 (0.49-0.87)
Single-suspect glargine only 16,734  0.99 (0.89-1.10) 1.30 (1.13-1.50)

Note: n* indicates analytic sample after applying restriction, complete-case age, and stated sex/reporter-type
handling.

2.6. Negative Control Outcome Findings

As shown in Appendix A Table A3, adjusted reporting odds for Toujeo versus Lantus
were close to null for all three negative controls. For biosimilar products, reporting odds
were close to null for headache and alopecia, but higher reporting odds was observed for
back pain (aOR 1.73, 95% CI 1.08-2.76). After Benjamini-Hochberg correction, the back
pain association was not significant (p = 0.115), but it indicates potential residual bias in the
biosimilar group.

2.7. Death Predictors: Firth’s Penalized Logistic Regression

Multivariable models for death converged successfully using Firth’s penalized logistic
regression (n = 36,483 reports, 3173 deaths, 8.7% event rate). Because the event rate exceeded
5% and no complete or quasi-complete separation was observed, standard maximum
likelihood and Firth estimates were nearly identical, confirming robustness. Table 7 presents
coefficients, odds ratios, and 95% confidence intervals from both methods.

Table 7. Firth’s Penalized Logistic Regression for Death Predictors.

Variable Adjusted OR (95% CI) p-Value
Male sex 1.59 (1.47-1.72) <0.001
Age (per 10-year increase) 1.16 (1.14-1.18) <0.001
United States reporting 0.21 (0.19-0.24) <0.001
Expedited report 4.95 (3.88-6.30) <0.001
Healthcare professional reporter 0.70 (0.64-0.76) <0.001
Myocardial infarction 3.04 (2.60-3.56) <0.001
Hypoglycemia 0.30 (0.26-0.35) <0.001
Hyperglycemia 0.35 (0.28-0.42) <0.001
Diabetic ketoacidosis 0.25 (0.16-0.39) <0.001
Blindness/visual impairment 0.11 (0.07-0.18) <0.001
Device/product issue 0.10 (0.07-0.16) <0.001
Cerebrovascular accident/stroke 0.87 (0.72-1.04) 0.137

Note: Reference categories: female sex, non-US reporting, non-expedited report, non-healthcare-professional
reporter, absence of the listed reaction term. Model AUC = 0.784 (95% CI 0.777-0.791).
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Demographic and reporting characteristics: Male sex was associated with significantly
higher death (adjusted OR 1.59, 95% CI 1.47-1.72; p < 0.001). Each additional year of age
increased death odds by 1.5% (OR 1.015, 95% CI 1.013-1.018; p < 0.001), corresponding
to a 16% increase per decade (OR 1.16, 95% CI 1.14-1.18). Reports from the United States
showed substantially lower death odds than non-US reports (OR 0.21, 95% CI 0.19-0.24;
p < 0.001). Expedited reports were associated with a 5-fold increase in death (OR 4.95, 95%
CI 3.88-6.30; p < 0.001), while healthcare professional reports showed lower death (OR 0.70,
95% CI0.64-0.76; p < 0.001).

Clinical reaction terms: Myocardial infarction as a reported reaction was the strongest
clinical predictor of death, with a 3-fold increase in odds (OR 3.04, 95% CI 2.60-3.56;
p < 0.001). Conversely, hypoglycemia (OR 0.30, 95% CI 0.26-0.35; p < 0.001), hyper-
glycemia (OR 0.35, 95% CI 0.28-0.42; p < 0.001), and diabetic ketoacidosis (OR 0.25, 95% CI
0.16-0.39; p < 0.001) were inversely associated with death. Blindness/visual impairment
(OR0.11, 95% CI10.07-0.18; p < 0.001) and device/product issues (OR 0.10, 95% CI 0.07-0.16;
p < 0.001) showed the strongest negative associations. Cerebrovascular accident/stroke
was not significantly associated with death (OR 0.87, 95% CI 0.72-1.04; p = 0.137).

Model discrimination was good (AUC 0.784, 95% CI 0.777-0.791). The Hosmer—
Lemeshow test indicated adequate fit (x*> = 11.34, df = 8, p = 0.182). Calibration-in-the-
large was excellent (intercept —0.032), with a calibration slope of 0.941, indicating slight
underconfidence at higher predicted probabilities.

2.8. Outcome Correlation and Separate Models for Death and Hospitalization

To address outcome correlation and competition bias, we fitted separate logistic
regression models for death and hospitalization (Table 8). For death, results were consistent
with the death predictor model in Section 2.7. For hospitalization, the strongest clinical
predictor was diabetic ketoacidosis (aOR 6.03, 95% CI 5.10-7.14). Hypoglycemia was
positively associated with hospitalization (aOR 1.26, 95% CI 1.17-1.34), reflecting that
severe episodes often require acute inpatient management. The composite outcome of
death or hospitalization yielded similar predictor effects to the individual models, with
diabetic ketoacidosis remaining the strongest clinical predictor (aOR 5.15), followed by
myocardial infarction (aOR 2.36).

Table 8. Separate Logistic Regression Models for Death and Hospitalization.

Outcome  n AvC IO CEIEDTON oseen  Gsuen  Gsech oy
Death 36480  0.797 36.2282_0.35) 0.88 (0.69-1.13) ?6.2119—0.23) (22'.9552_3. © ?5{*5_0.37) 029 (0.25-0.34)
Hospitalization 36480 0662 (% o0 120000135 om0 B0 ey 12601713
Composite 3480 0695 (oo LML (Pl B0 tisierny | 094088-10D

2.9. Device-Specific Analysis by Device Model

Among reports with available device information (n = 3555, 9.7% of eligible reports),
98.6% used unspecified delivery devices, 1.2% involved needle issues, and 0.2% involved
syringes; no reports explicitly specified insulin pen or pump devices in MedDRA reaction
terms. Product quality issues were the most frequent device-related term (1 = 621, 17.5%),
followed by device malfunction (1 = 641, 18.0%) and incorrect dose delivery (n = 1274,
35.8%). Death was rare in device-specific reports (1.1% vs. 9.5% in non-device reports;
p <0.001), confirming that device issues are predominantly non-fatal product quality concerns.
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We were unable to disaggregate device-related events by specific device model (e.g.,
Lantus SoloStar, Toujeo SoloStar, Basaglar KwikPen, or insulin pumps) because FAERS
MedDRA reaction terms do not capture device brand or model information. All three
insulin glargine products are available in pen injector formats, and differences in device-
related reporting may partly reflect familiarity with specific pen platforms rather than
formulation-specific safety profiles.

2.10. Geographic Distribution and US vs. Non-US Reporting

Table 9 summarizes the geographic distribution of reports. The United States con-
tributed 51.4% of reports (n = 18,741), followed by France (5.4%), Italy (3.7%), and Brazil
(3.2%). Unadjusted death varied by country, ranging from 0.8% in Italy to 76.9% in Egypt
(among countries with >50 reports). In multivariable models adjusting for age, sex, re-
porter type, and reaction terms, US reporting was inversely associated with death (OR
0.21, 95% CI 0.19-0.23). However, this association was heavily influenced by Egypt, which
contributed 2.6% of reports but 23.4% of deaths with 76.9% death and no US reports. Ex-
cluding Egypt attenuated the US association to OR 0.36 (95% CI 0.33-0.40), suggesting
that geographic differences in reporting practices and outcome documentation—rather
than a pure US reporting bias—drive much of the observed effect. The persistence of a
modest inverse association after Egypt exclusion likely reflects a combination of non-US
reporting selectivity for serious outcomes, differences in acute diabetes care availability,
and heterogeneity in regulatory coding practices between FAERS and EudraVigilance (the
European Union pharmacovigilance database).

Table 9. Geographic Distribution of Reports and Unadjusted Death.

Country N Reports (%) Deaths Unadjusted Death (%)
United States 18,741 (51.4) 713 3.8
Not Specified 2134 (5.8) 83 39
France 1971 (5.4) 266 13.5
Italy 1363 (3.7) 11 0.8
Brazil 1169 (3.2) 60 51
Spain 1003 (2.7) 49 49
Egypt 964 (2.6) 741 76.9
Canada 910 (2.5) 68 7.5
Germany 842 (2.3) 111 13.2
Japan 788 (2.2) 71 9.0
Great Britain 673 (1.8) 51 7.6
South Korea 659 (1.8) 153 23.2
Colombia 643 (1.8) 186 28.9
Mexico 611 (1.7) 186 30.4
China 504 (1.4) 8 1.6
Other 5330 (14.6) 1222 —

Egypt reported 964 cases with 741 deaths (76.9% death), an extreme outlier likely
reflecting duplicate reporting of fatal cases, coding practices favoring death outcome
documentation, or a genuine cluster of severe events. Sensitivity analyses excluding Egypt
did not materially change the US reporting association (OR 0.22, 95% CI 0.20-0.24).
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Stratified analyses by reporter type (Table 10) showed that the association between
US reporting and lower death was more pronounced in consumer-submitted reports (OR
0.10, 95% C1 0.09-0.11) than in healthcare professional reports (OR 1.21, 95% CI 1.04-1.40;
P-interaction < 0.001), suggesting differential reporting thresholds. However, this pattern
was not stable over time. Within the 2020-2025 calendar window (n = 9187), the US
association attenuated substantially among consumers (OR 0.40, 95% CI 0.28-0.58) and
reversed among HCPs (OR 2.24, 95% CI 1.75-2.87; P-interaction < 0.001), with no evidence
of pandemic-related reporting disruption in overall case volume. The temporal reversal
suggests that US reporting bias—if present—has diminished in recent years, possibly
reflecting EudraVigilance system upgrades, changing biosimilar market dynamics, or
evolving regulatory reporting requirements.

Table 10. Sensitivity Analyses by Reporter Type.

Consumer

Analysis Reporters (1) US aOR (95% CI)  HCP Reporters (n)  US aOR (95% CI) P-Interaction
Main analysis (all years) 23,422 0.10 (0.09-0.11) 11,852 1.21 (1.04-1.40) <0.001
Excluding Egypt 22,479 0.18 (0.15-0.20) 11,833 1.21 (1.04-1.41) <0.001
2020-2025 window 4857 0.40 (0.28-0.58) 4321 2.24 (1.75-2.87) <0.001
2020-2025, biosimilar effect ~ 4857 1.79 (1.52-2.11) 4321 0.71 (0.49-1.05) —

aOR, adjusted odds ratio; CI, confidence interval; HCP, healthcare professional.

To further clarify the drivers of the biosimilar signal in the 2020-2025 window, we
stratified the composite outcome model by reporter type. Among consumer reporters
(n = 4857), biosimilars showed substantially higher reporting odds compared with Lantus
(@OR 1.79, 95% CI 1.52-2.11), while the association was null among healthcare professional
reporters (n = 4321; aOR 0.71, 95% CI 0.49-1.05). This pattern confirms that the biosimilar
signal in recent years is confined to consumer-submitted reports and suggests intensified
consumer-driven reporting behavior rather than a genuine safety signal.

3. Discussion

This analysis uses recent FAERS data to characterize adverse event reporting patterns
across originator (Lantus®), high-strength (Toujeo®), and U100 biosimilar insulin glargine
products (Basaglar®/Semglee®), while adjusting for report-level factors. Across 43,905 el-
igible reports, we observed three central themes. First, differences in adjusted reporting
odds between formulations were modest and sensitive to analytic choices, particularly for
biosimilars. Second, the US versus non-US reporting association—initially appearing as
a strong inverse predictor of death—was heavily influenced by data quality issues in a
single country (Egypt) and reversed direction in recent calendar years, underscoring the
fragility of geographic reporting comparisons in spontaneous data. Third, certain event
clusters stood out by formulation, especially device-related terms and reports of inade-
quate glycemic control, but these patterns are best read as differences in reporting context,
channeling, and time-on-market rather than as evidence of differential product safety.

3.1. Formulation-Specific Reporting Patterns

Descriptive frequencies showed the highest unadjusted death for the originator group
(8.2%), followed by biosimilars (6.0%) and Toujeo (3.2%). In the primary adjusted model,
Toujeo showed modestly lower reporting odds of the composite serious outcome (aOR 0.88),
while biosimilars showed higher odds (aOR 1.24). However, the stability of these estimates
varied considerably across sensitivity analyses. The Toujeo association persisted in most
restrictions but lost significance in the 2020-2025 window (aOR 0.99) and when limited
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to single-suspect reports (aOR 0.99), suggesting that the modest protective signal may be
partially confounded by concomitant medications or reporting context. The biosimilar
association was even less robust: it attenuated to null when excluding concomitant suspect
drugs (aOR 1.07, 95% CI 0.92-1.23) and reversed direction in healthcare professional reports
(aOR 0.65). This pattern indicates that the primary biosimilar signal is driven by consumer-
submitted reports and complex cases involving multiple medications, rather than reflecting
a genuine safety difference.

The 2020-2025 stratification revealed an even starker divergence: among consumers,
the biosimilar signal intensified (aOR 1.79), while among HCPs it was completely absent
(aOR 0.71). This temporal amplification of consumer-driven reporting suggests that media
coverage, switching programs, or nocebo effects may have disproportionately influenced
consumer reporting in recent years.

The Weber effect [24]—the well-documented phenomenon whereby newly marketed
products experience inflated adverse event reporting due to novelty, heightened vigilance,
and prescriber unfamiliarity—may partly explain the higher biosimilar reporting odds in
the primary analysis. Basaglar (2016) and Semglee (2020) entered the market decades after
Lantus (2000), and their earlier market years coincided with intensified pharmacovigilance
monitoring, mandatory biosimilar post-marketing studies, and greater media attention
to biosimilar safety. However, the persistence of the biosimilar signal in the 2020-2025
window—when all products had achieved market maturity—suggests that Weber effects
alone [24,25] do not account for the observed patterns. Rather, the temporal amplification
of consumer-driven biosimilar reporting (aOR 1.79 among consumers in 2020-2025) points
to sustained differential reporting behavior beyond initial novelty effects.

The negative control analysis supports this interpretation. While Toujeo comparisons
yielded null associations across all three falsification endpoints (headache, back pain, alope-
cia), the biosimilar group showed a non-null association for back pain (aOR 1.73). Although
this did not survive FDR correction (p = 0.115), it serves as a “red flag” for differential
reporting behavior in the biosimilar group—possibly reflecting heightened vigilance, media
attention, or nocebo effects following product switching. Taken together, the sensitivity and
negative control findings suggest that neither the Toujeo nor the biosimilar associations
should be interpreted as evidence of comparative clinical safety.

For glycemic terms, biosimilar reports were associated with significantly lower report-
ing odds of hypoglycemia (aOR 0.44) and diabetes mellitus inadequate control (aOR 0.29)
than the originator. Toujeo reports showed slightly higher odds for hypoglycemia (aOR
1.14) but did not differ for inadequate control. These patterns are most plausibly explained
by channeling and healthy-user effects rather than pharmacological differences. Biosimilars
are often initiated in structured switching programs with enhanced monitoring and patient
education, which may reduce both event occurrence and reporting. Conversely, Toujeo’s
higher hypoglycemia reporting may reflect its use in patients with more advanced disease
or greater insulin sensitivity, given its flatter pharmacokinetic profile. Our findings sit
alongside prior randomized trials and real-world cohorts that report broadly comparable
glycemic outcomes and hypoglycemia rates across glargine formulations.

3.2. Device- and Use-Related Events

Both biosimilars (aOR 0.58) and Toujeo (aOR 0.85) showed lower reporting odds for
device-related events compared with Lantus. This cluster includes a mixture of device
malfunctions, delivery system issues, and use-related errors. Notably, Lantus and Toujeo
use the SoloStar pen platform, while Basaglar uses the KwikPen. Differences in device-
related reporting may partly reflect familiarity with specific pen platforms rather than
formulation-specific safety profiles. However, we were unable to disaggregate events by

https:/ /doi.org/10.3390/pharma5030021


https://doi.org/10.3390/pharma5030021

Pharmacoepidemiology 2026, 5, 21

11 of 19

device model because FAERS MedDRA terms do not capture device brand information,
precluding direct comparison of SoloStar versus KwikPen versus pump delivery systems.
All three insulin glargine products are available in pen injector formats, and the observed
lower device-related reporting for biosimilars and Toujeo may reflect greater familiarity
with newer pen platforms, structured patient education programs, or differential reporting
behavior rather than intrinsic device safety differences. The death rate in device-related re-
ports was low (1.1% vs. 9.5% in non-device reports), confirming that these events represent
predominantly non-fatal product quality concerns rather than severe clinical outcomes.

3.3. Geographic Reporting Patterns and the Egypt Outlier

A striking finding was the geographic heterogeneity in unadjusted death, ranging
from 0.8% in Italy to 76.9% in Egypt. In multivariable models, US reporting was inversely
associated with death (OR 0.21), a result that has been interpreted in prior FAERS stud-
ies as evidence of US reporting bias (less selective, more complete reporting capturing
milder events). However, this association was not robust: Egypt contributed only 2.6%
of reports but 23.4% of deaths, with characteristics strongly suggestive of data quality
issues—100% expedited reports, 98% consumer reporters, 83% from a single manufacturer
sender, and 181 cases with “Death” coded as the sole reaction term (not a valid MedDRA
preferred term). Excluding Egypt attenuated the US association to OR 0.36, and excluding
additional high-death outliers (Colombia, Mexico) further attenuated it to 0.53. This demon-
strates that the apparent “US protective effect” is largely an artifact of extreme non-US
outliers with aberrant reporting patterns, rather than a genuine reflection of differential US
reporting completeness.

It is important to recognize that the availability and utilization of insulin glargine
products vary across regulatory jurisdictions and reimbursement systems, and FAERS
does not capture country-specific prescribing data. For example, biosimilar uptake has
been slower in some markets than others, and the timing of regulatory approval and inter-
changeability designations differs between the United States and Europe. Consequently,
the country-specific case mix in FAERS may reflect differential product availability and
channeling rather than uniform exposure, which limits the interpretability of cross-country
outcome comparisons.

The temporal evolution of this association is equally informative. Within the 2020-2025
window, the US association reversed direction among healthcare professional reporters (OR
2.24) and attenuated among consumers (OR 0.40), with a persistent significant interaction
(p < 0.001). This temporal reversal suggests that reporting dynamics have shifted in recent
years—possibly due to EudraVigilance system upgrades, changing biosimilar market
dynamics, or evolving regulatory requirements—further undermining the interpretation of
geographic differences as stable reporting biases.

3.4. Death Predictors and Outcome Correlation

Separate models for death and hospitalization revealed important outcome-specific
patterns. Myocardial infarction was the strongest predictor of death (aOR 2.95), while dia-
betic ketoacidosis was the strongest predictor of hospitalization (aOR 6.03). Hypoglycemia
was inversely associated with death (aOR 0.29) but positively associated with hospitaliza-
tion (aOR 1.26), reflecting its clinical duality: usually survivable with prompt treatment,
yet frequently requiring inpatient management. These findings validate the decision to
analyze death and hospitalization separately, as their predictor profiles differ meaningfully.

3.5. Limitations

This study has significant limitations inherent to spontaneous reporting data. FAERS
lacks exposure denominators, preventing incidence estimation. The complete-case ap-
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proach excluded 15,386 reports (35%), disproportionately affecting the biosimilar group
and younger patients, which may introduce selection bias. Channeling bias is unavoidable:
product choice reflects clinician and patient preferences, insurance coverage, and switching
programs that cannot be captured in FAERS. Product-lifecycle effects mean that Lantus,
with two decades of market exposure, accumulates reports from more complex, comorbid
populations than newer formulations. The Egypt outlier and other high-death countries
highlight the risk of undetected data quality issues in international pharmacovigilance
databases. Finally, the modest model discrimination (AUROC 0.66 for the composite
outcome) indicates that available report-level covariates explain only a small fraction of
outcome variation, leaving substantial residual confounding.

Stimulated reporting may have influenced our findings, particularly for biosimilars.
The July 2023 FDA interchangeability designation for Semglee (pharmacy-level substitu-
tion without prescriber consultation) generated substantial media coverage and clinical
discourse, which may have disproportionately increased consumer reporting of adverse
events following product switches. Similarly, structured switching programs implemented
by payers and health systems often include enhanced patient education and follow-up,
which can simultaneously reduce true event rates and increase reporting propensity—a
form of detection bias that is unmeasurable in FAERS. We cannot distinguish between these
mechanisms, but the consumer-specific amplification of the biosimilar signal in 2020-2025
is consistent with stimulated reporting dynamics.

3.6. Implications

Our findings do not support clinically meaningful safety differences between insulin
glargine formulations. The modest associations observed in primary analyses were not
robust to sensitivity restrictions, were contradicted by negative control findings, and are
more parsimoniously explained by reporting behavior, channeling, and time-on-market
than by pharmacological effects. For clinicians, these data provide reassurance that switch-
ing between glargine products is unlikely to introduce new safety signals, consistent with
existing randomized evidence. For regulators and pharmacovigilance scientists, our analy-
sis underscores the importance of: (1) examining data quality outliers before interpreting
geographic associations; (2) testing temporal stability of reporting patterns; (3) using nega-
tive controls to detect residual confounding; and (4) interpreting FAERS comparisons as
hypothesis-generating signals requiring confirmation in denominator-based studies.

4. Materials and Methods
4.1. Data Source

This retrospective pharmacovigilance study utilized data from the FAERS, a publicly
available database comprising spontaneous AE reports submitted by healthcare profession-
als, consumers, and manufacturers. We extracted data covering the period from the first
quarter (1Q) of 2015 through the fourth quarter (4Q) of 2025. Data were downloaded from
FAERS on the 25 January 2026, including all publicly available quarters up to Q4 2025. The
raw data included demographic information, drug information, adverse event details, and
patient outcomes.

4.2. Data Processing and Case Selection

Raw data were processed to remove duplicates and incomplete records following FDA
Guidance for Industry: Good Pharmacovigilance Practices and Pharmacoepidemiologic
Assessment [26] and the FDA FAERS Data Dictionary. For de-duplication, we retained
a single case version per CASEID by keeping the record with the most recent FDA_DT;
when more than one record shared the same CASEID and FDA_DT, we retained the record
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with the highest PRIMARYID. We then removed any remaining exact duplicate rows.
Product names were standardized using a three-step algorithm: (1) removal of dosage
strengths and formulations (e.g., “Insulin glargine 100 U/mL” — “Insulin glargine”);
(2) mapping of brand names to generic names using the FDA Orange Book and WHO Drug
Dictionary; (3) fuzzy string matching (Levenshtein distance < 2) to consolidate misspelled
or truncated entries. This process reduced 1847 unique raw product entries to the target
formulations. A random sample of 200 standardized records was manually verified by
two independent reviewers (Cohen’s k = 0.94). Reports with names that could not be
mapped to a target formulation after standardization were excluded. Reports were eligible
if an insulin glargine product was listed as a Primary Suspect (PS) or Secondary Suspect
(SS) drug. We excluded reports listing more than one insulin glargine formulation in the
same case (e.g., Lantus and Toujeo together), to avoid misattribution during switching.
Reports with missing age or sex were retained for descriptive summaries; regression
models used a complete-case approach for all covariates. A flow diagram summarizing
case selection and exclusions is provided in Figure 1. Missingness in key model covariates
(age, sex, reporter type, and FDA received year) was quantified before regression modeling.
Appnedix A Table A1 compares included and excluded reports by age, sex, reporter type,
and product group to assess the potential for selection bias.

4.3. Exposure Assessment and Grouping

Reports were categorized into three mutually exclusive groups based on the standard-
ized trade name of the suspected insulin glargine product. Standard-strength (U100) was

® s

defined by the presence of the terms “Lantus®” or “Lantus SoloStar®.” High-strength

(U300) was defined by the presence of the terms “Toujeo®,” “Toujeo SoloStar®,” or
“Toujeo Max®.” Biosimilar products (U100) were defined by the presence of the terms

®” or “Semglee®.” For readability, groups are referred to as insulin glargine

“Basaglar
U100 reference (Lantus), insulin glargine U300 (Toujeo), and biosimilar insulin glargine
U100 (Basaglar/Semglee) throughout the text. Market introduction dates were: Lantus
(2000), Toujeo (2015), Basaglar (2016), and Semglee (2020). To address product-lifecycle
and channeling effects, we conducted sensitivity analyses restricted to overlapping cal-
endar windows (20152025 and 2020-2025) and stratified analyses by time since market

introduction (<2 years, 2-5 years, and >5 years).

4.4. Definition of Adverse Events and Outcomes

Adverse events were coded according to the Medical Dictionary for Regulatory Activ-
ities (MedDRA, Version 27.0) [27] terminology at the Preferred Term (PT) level. Clinical
outcomes were derived from the FAERS outcome fields and mapped to MedDRA Pre-
ferred Terms: death (PT 10011906), hospitalization (PT 10020051), life-threatening event (PT
10020057), and disability (PT 10040732). To assess the overall burden of serious morbidity,
a composite endpoint (“Serious Outcome”) was defined as the occurrence of any of the
following outcomes: death, life-threatening event, hospitalization (initial or prolonged), or
disability. Reports without an outcome code were classified as not meeting the composite
serious outcome endpoint because serious outcomes are explicitly captured via FAERS
outcome fields; however, incomplete outcome recording is possible and is considered in the
interpretation of results. This assumption may underestimate serious outcomes if outcome
fields are incompletely recorded. Because FAERS outcome categories are non-mutually
exclusive, we quantified overlap among death, hospitalization, life-threatening event, and
disability within the same report. To assess whether the composite endpoint masked het-
erogeneous reporting patterns, we analyzed death and hospitalization as separate binary
outcomes in addition to the composite endpoint.
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4.5. Statistical Analysis

All data management and statistical analyses were performed using Python v3.10 us-
ing pandas and statsmodels libraries. Because FAERS does not capture treatment initiation
or duration, new-user designs cannot be implemented, and exposure groups may not be
comparable due to channeling and product lifecycle effects. Given the exploratory nature
of this reporting-pattern analysis, no formal adjustment for multiple comparisons was
applied beyond the Benjamini-Hochberg false discovery rate correction for negative control
outcomes. Emphasis is placed on effect estimates and consistency across analyses rather
than statistical significance alone. Unlike disproportionality analyses (e.g., reporting odds
ratios or proportional reporting ratios), where all reported adverse events compete for the
same denominator and the overreporting of one event can artificially depress the relative
frequency of others, our logistic regression approach models each outcome independently.
For each event-specific model, the outcome is defined as the presence versus absence of
that specific event, with all reports lacking the event serving as the reference group. This
design avoids the outcome correlation inherent in disproportionality methods, because the
denominator for each model is fixed (all reports) rather than varying with the reporting
frequency of other events.

4.6. Descriptive and Comparative Analysis

The descriptive statistics were used to summarize patient demographics. Categorical
variables, such as sex, type of reporter, and outcomes, were presented as frequencies
and percentages. The Shapiro-Wilk test was used to test the normality of continuous
variables (age). Since the age was not normally distributed, the data were reported as
medians and inter-quartile ranges (IQR). The Chi-square test of categorical variables and the
Kruskal-Wallis H test for continuous variables were used to compare the three formulation
groups. A p-value of less than 0.05 was considered statistically significant. Given the
large number of reports, p-values are interpreted cautiously and emphasis is placed on
effect estimates.

4.7. Event-Specific Adjusted Comparisons

To explore formulation differences in reporting patterns for selected adverse event
terms, we fitted event-specific logistic regression models for pre-specified MedDRA pre-
ferred terms reflecting glycemic control (hypoglycemia and diabetes mellitus inadequate
control) and for a pre-specified heterogeneous device- and use-related event cluster (Device
Malfunction; Device Issue; Device Delivery System Issue; Product Quality Issue; Suspected
Product Quality Issue; Product Dose Omission Issue; Dose Omission; Product Storage
Error; Product Administration Error; Medication Error; Wrong Technique In Product Usage
Process; Incorrect Dose Administered; Product Misuse; Accidental Overdose). Models used
the standard-strength U100 formulation (Lantus®) as the reference and adjusted for age,
sex, reporter type, and FDA received year. The primary models were complete-case for
age and restricted to reports with specified sex; sensitivity analyses addressed missing sex
and other potential biases. This cluster includes both device-related terms (e.g., device
malfunction, delivery system issues) and use-related terms (e.g., incorrect dose, omission,
administration error), which reflect different underlying mechanisms.

4.8. Multivariable Regression Analysis

For each outcome of interest, we defined a binary indicator variable where 1 denoted
the presence of the event and 0 denoted its absence. Product type (Lantus, Toujeo, or
biosimilar) was included as the primary explanatory variable of interest. Separate lo-
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gistic regression models were fitted for each outcome, with the standard-strength U100
formulation (Lantus) serving as the reference category.

Binary logistic regression analyses were conducted to estimate adjusted odds ratios
(aORs) for each outcome of interest. Odds ratios were calculated as exp(f3) with 95%
confidence intervals as exp[3 + 1.96 x SE(3)]. For continuous predictors (age), ORs are
reported per unit increase (per year) and per clinically meaningful increment (per decade)
for interpretability. Reference categories were: standard-strength U100 (Lantus), female
sex, non-US reporting, non-expedited report, non-healthcare professional reporter, and
absence of the listed reaction term. Models adjusted for report-level covariates available
in the dataset, including age (continuous, per year), sex (male vs. female), reporter type
(healthcare professional versus consumer), and FDA received year (per 1-year increase).
For the composite serious outcome, standard maximum likelihood logistic regression
was used. For individual outcomes with lower event rates (death, hospitalization, life-
threatening event, disability), we applied Firth’s penalized logistic regression to address
potential finite-sample bias, separation, and non-convergence. Firth’s method applies a
Jeffreys prior penalty to the likelihood function, reducing bias in coefficients and standard
errors when data are sparse or when complete or quasi-complete separation is present.
Primary adjusted models were restricted to complete cases for all covariates (age, sex,
reporter type, and FDA received year). Reports with missing or unclassifiable values,
including “Unknown” or “Not specified” categories, were treated as missing and excluded
from the primary regression analyses. To evaluate the impact of missing data, we con-
ducted sensitivity analyses using (i) multiple imputation by chained equations (MICE) with
20 imputed datasets under the missing-at-random assumption, and (ii) missing indicator
approaches where missing categorical values were coded as a separate category. Results
were consistent with the primary complete-case analysis (Appendix A Table A2). Sensitivity
analyses explored alternative specifications in which “Unknown” categories were retained
as separate covariate levels, yielding materially similar estimates. Model performance was
summarized using the area under the receiver operating characteristic curve (AUROC)
and Brier score for the composite serious outcome model. Model calibration was assessed
using the Hosmer-Lemeshow goodness-of-fit test, calibration-in-the-large (intercept), and
calibration slope.

4.9. Sensitivity Analysis

To test robustness, we ran sensitivity analyses targeting common biases in spontaneous
reporting data. First, we restricted to reports with no additional suspect drugs listed, to
better isolate patterns plausibly attributed to insulin glargine. Second, we re-fitted the com-
posite outcome model within overlapping calendar windows (2015-2025 and 2020-2025) to
limit product lifecycle effects. Third, we retained reports with unknown sex by modelling
“unknown” as a separate category rather than excluding them. Fourth, we repeated the
composite outcome model in reports submitted by healthcare professionals. Fifth, as a
robustness check, we repeated the composite outcome model after excluding reports with
missing outcome fields. Sixth, we performed stratified analyses by reporter type (healthcare
professional vs. consumer) within the 2020-2025 calendar window to evaluate temporal
reporting stability. Seventh, we fitted propensity-weighted models for country (US vs.
non-US) to address potential reporting heterogeneity across regulatory systems.

4.10. Composite Outcome and Overlap Analysis

To address the non-mutually exclusive nature of FAERS regulatory outcome categories,
we evaluated the primary composite serious outcome (defined as the presence of death,
hospitalization, life-threatening event, or disability). First, we quantified the extent of
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overlap among these outcomes to determine how frequently multiple serious outcomes
were reported within the same case. Second, to assess whether the composite endpoint
masked heterogeneous reporting patterns, we fitted additional multivariable logistic regres-
sion models for individual serious outcomes where sufficient data density allowed stable
estimation. When standard maximum likelihood models for death and hospitalization did
not converge due to sparse data or separation, Firth’s penalized logistic regression was
used to obtain finite, bias-reduced estimates.

4.11. Device-Specific Analysis

We conducted a subgroup analysis restricted to reports involving insulin delivery
devices (pens, pumps, syringes). Device model and manufacturer information were ex-
tracted from the FAERS device fields where available. Reports were stratified by device
type (pen, pump, syringe/needle) and analyzed for the composite serious outcome and
device-related event clusters. This analysis was restricted to reports with non-missing
device information. Because FAERS MedDRA reaction terms do not capture device brand
or model (e.g., SoloStar vs. KwikPen), disaggregation by specific device platform was
not feasible.

4.12. Country Distribution Analysis

We summarized the geographic distribution of reports by country and region. A
country distribution table reports the number of reports, deaths, hospitalizations, and
unadjusted death proportions by country. Multivariable models included country (US
vs. non-US) as a covariate to evaluate whether geographic reporting patterns influenced
outcome associations.

4.13. Negative Control Outcome Analysis

To assess the potential for residual confounding and differential reporting bias, we
conducted a negative control (falsification endpoint) analysis. Negative control outcomes
were selected a priori based on three criteria: (1) no plausible biological relationship
with insulin glargine formulation, concentration, or delivery device; (2) common enough
to provide stable estimates; (3) subject to the same reporting channel and reporter-type
biases as the primary outcomes. We selected three MedDRA Preferred Terms—headache,
back pain, and alopecia—that satisfy these criteria. For each negative control outcome,
we constructed a binary indicator denoting the presence of the preferred term within
the report. We then fitted multivariable logistic regression models identical to those
used in the primary analyses, using the standard-strength U100 formulation (Lantus®)
as the reference and adjusting for age, sex, reporter type, and FDA received year. The
purpose of this analysis was to evaluate whether the modeling approach generated spurious
between-group differences in reporting patterns for outcomes not expected to differ across
formulations. Absence of association between formulation and negative control outcomes
supports the absence of major residual confounding by indication or reporting bias; non-
null associations serve as “red flags” for differential reporting behavior.

5. Conclusions

This FAERS-based pharmacovigilance analysis identified formulation-specific differ-
ences in adverse event reporting patterns for insulin glargine products. After adjustment
for available report-level characteristics, Toujeo was associated with modestly lower ad-
justed reporting odds of a composite serious clinical outcome, whereas biosimilars showed
higher reporting odds in the primary model. However, neither association was robust
across sensitivity analyses: the Toujeo signal lost significance in recent calendar windows
and single-suspect restrictions, while the biosimilar signal attenuated to null without con-
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comitant drugs and reversed direction in healthcare professional reports. Negative control
analysis identified a back-pain signal in the biosimilar group, indicating potential residual
reporting bias. The apparent US reporting protective effect was largely driven by an Egypt
data outlier with aberrant characteristics and reversed direction in recent years, under-
mining its interpretation as a stable reporting bias. Geographic, temporal, and reporter-
type heterogeneity in reporting patterns—rather than evidence of differential product
safety—best explain the observed associations. These findings are hypothesis-generating
for denominator-based studies and should not inform clinical switching decisions.
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Appendix A

Table A1. Comparison of Included vs. Excluded Reports (Complete-Case Analysis).
Characteristic Included (n = 28,519) Excluded (n = 15,386) p-Value
Biosimilar proportion, 1 (%) 2338 (8.2%) 1941 (14.1%) <0.001
Median age (IQR) 66 (57-74) 61 (51-70) <0.001
Female sex, 1 (%) 15,432 (54.1%) 7568 (49.2%) <0.001
Healthcare professional 12,123 (42.5%) 5789 (37.6%) <0.001

reporter, 11 (%)

Note: Excluded reports include those missing age, sex, or reporter type, plus reports excluded during case
selection (ambiguous product names or multiple glargine formulations).

Table A2. Overlap of Serious Outcomes Within Composite Definition Among cases meeting the
definition of the composite serious outcome (1 = 3415).

Number of Cases
3309

Two or more serious outcomes 106

Outcome Profile Percentage of Composite
96.9%

3.1%

Exactly one serious outcome
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Table A3. Negative Control Outcome Analyses with False Discovery Rate Correction.

Outcome Comparison aOR 95% CI Raw p-Value FDR-Adjusted

p-Value
Headache Toujeo vs. Lantus 0.92 0.71-1.20 0.560 0.672
Headache Biosimilar vs. Lantus 0.86 0.62-1.22 0.404 0.538
Back pain Toujeo vs. Lantus 0.82 0.49-1.36 0.442 0.560
Back pain Biosimilar vs. Lantus 1.73 1.08-2.76 0.023 0.115
Alopecia Toujeo vs. Lantus 1.32 0.49-3.57 0.581 0.672
Alopecia Biosimilar vs. Lantus 1.77 0.63-4.97 0.281 0.422

Note: FDR correction applied across 12 tests (6 negative control comparisons + 6 event-specific comparisons from
Table 3). Adjusted for age, sex, reporter type, and FDA received year. Complete-case sample 1 = 28,519.
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