10

11

12

13

14

15

16

17

18

19

medRxiv preprint doi: https://doi.org/10.1101/2025.10.09.25337648; this version posted October 14, 2025. The copyright holder for this

preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY 4.0 International license .

(Hydroxy-) Chloroquine, G6PD deficiency, and sex differences in
mortality during the COVID-19 pandemic: An ecological study in Peru

Marius Kramer'* (https://orcid.org/0009-0002-4274-1838)

Abstract

Background: Peru implemented a nationwide chloroquine/hydroxychloroquine (CQ/HCQ) treatment
policy during the early phase of the COVID-19 pandemic. Whether these drugs trigger hemolytic crises in
individuals with glucose-6-phosphate dehydrogenase deficiency (G6PDd), a genetic condition primarily
affecting men, with a relatively high prevalence in certain regions, is a matter of debate. This study
investigated whether the CQ/HCQ policy contributed to sex-specific differences in mortality, potentially

mediated by regional G6PDd prevalence.

Methods: | conducted an ecological analysis using both all-cause excess and COVID-19 mortality data at
the state level for adults aged 245 years. Using sex differences in age standardized mortality rates (ASMR)
as the outcome in two-way fixed effects (TWFE) models, interaction analyses were performed to examine
the influence of regional G6PDd prevalence, CQ/HCQ availability, and elevated healthcare system strain

during pandemic waves with the CQ/HCQ recommendation.

Results: Male all-cause excess and COVID-19 mortality consistently exceeded female mortality, with the
largest sex differences coinciding with periods with CQ/HCQ treatment recommendations. The TWFE
models revealed that states with higher G6PDd prevalence, greater CQ/HCQ availability, and elevated

healthcare system strain presented increased male—female mortality gaps. These results are consistent
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with the hypothesized mechanism in which oxidative stress from both COVID-19 infection and CQ/HCQ
exposure contributed to hemolytic crises among (undiagnosed) G6PD-deficient outpatients, potentially

misidentified as severe COVID-19 during periods of healthcare strain.

Conclusion: While causality cannot be established owing to the ecological design, these findings suggest
that pandemic treatment policies may have unintended, sex-specific consequences if population-specific
genetic vulnerabilities are overlooked. They underscore the broader public health implication that drugs
considered safe under normal conditions may have unanticipated risks during infectious crises that induce
additional oxidative stress, emphasizing the importance of integrating genetic risk awareness into future

emergency response frameworks.

Keywords: Peru, COVID-19, Hydroxychloroquine, Chloroquine, G6PD, Sex difference, Gender gap,

Hemolysis
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Introduction

Mortality during the COVID-19 crisis has differed between males and females across countries and regions,
reflecting both biological vulnerabilities and contextual factors [1, 2]. Some studies show higher mortality
among men [3-5], whereas others reveal complex patterns, including periods or locations where women
experienced equal or higher mortality [6, 7]. Given the biological plausibility of sex-specific drug risks,

treatment policy may represent an overlooked driver of these patterns.

At the beginning of the pandemic, chloroquine (CQ) and hydroxychloroquine (HCQ) were seen as potential
COVID-19 treatments. However, international trials led by the WHO were discontinued in July 2020
because of safety concerns and a lack of efficacy [8]. While most countries remained cautious, Peru
adopted CQ/HCQ widely. Initial protocols restricted use to moderate or severe cases [9], but by mid-April
2020, HCQ was authorized for mild outpatient cases [10]. Peru retained HCQ in official guidelines until
September 2020, months after international trials had halted its use [8, 11]. Given that Peru has one of
the highest all-cause excess mortality rates globally [12], it provides a unique context for studying the

impact of treatment policies.

The safety profile of CQ and especially HCQ in the context of COVID-19 has been debated. In a meta-
analysis of 14 trials testing CQ/HCQ in hospitalized patients, it was associated with an 11% (95% Cl 2—20%)
increase in all-cause mortality [13]. An observational preprint study by the Peruvian Medical Research
Institute (IETSI) found that compared with standard care, HCQ combined with azithromycin was associated
with an 84% (95% Cl 12-202%) increase in all-cause mortality in hospitalized COVID-19 patients [14].
Evidence from outpatient studies generally reported few safety concerns, but these trials consistently
excluded individuals with contraindications to CQ/HCQ [15], often explicitly mentioning glucose-6-

phosphate dehydrogenase deficiency (G6PDd) as one such exclusion [16-19].
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Among the factors that may influence CQ/HCQ-related risk, G6PDd is particularly relevant: an X-linked
enzymatic disorder that renders hemizygous males especially vulnerable, whereas females are usually
carriers or only partially deficient; G6PDd can predispose individuals to acute hemolytic anemia when
exposed to oxidative stress, which may be triggered by infections or certain drugs [20]. While CQ/HCQ use
in malaria-endemic regions has not been associated with widespread hemolytic events, according to a
systematic review of the available evidence [21], case reports during the COVID-19 pandemic document

acute hemolytic anemia in G6PDd patients treated with HCQ [22-26].

Moreover, COVID-19 itself has been reported to be associated with acute autoimmune hemolytic anemia,
often presenting with delayed hemolytic symptoms that may be overlooked due to the predominance of

respiratory manifestations [27].

The combination of the oxidative stressors COVID-19 and CQ/HCQ may increase the risk of acute hemolytic
anemia among G6PDd patients. In particular, during outpatient CQ/HCQ use, hemolysis symptoms may
have been delayed or mistaken for COVID-19 symptoms (e.g., dyspnea, fever), complicating detection,
especially in an underdeveloped and heavily strained healthcare system. Furthermore, Peruvian treatment
protocols with CQ/HCQ did not include warnings about potential adverse reactions or contraindications
for G6PDd patients. Consequently, given that G6PDd disproportionately affects males, the nationwide

CQ/HCQ policy could plausibly have sex-specific consequences for mortality.

To my knowledge, no prior study has examined whether national COVID-19 treatment policies contributed
to sex-specific differences in all-cause excess or COVID-19 mortality. This ecological study addresses this

gap by testing two hypotheses:

1. If CQ/HCQ triggers acute hemolytic anemia in G6PDd COVID-19 patients and Peru’s healthcare

system failed to manage these reactions, periods of widespread CQ/HCQ use should coincide with
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increased male-female mortality differences. Within these periods, increased healthcare system
strain is expected to further amplify these differences.
2. If regional G6PDd prevalence modifies risk, areas with higher prevalence should show stronger

male—female mortality differences during periods of widespread CQ/HCQ use.

By integrating publicly available all-cause and COVID-19 mortality data with treatment policy information
and regional G6PDd prevalence estimates [28], this study explores the plausibility of the described

mechanism.

Data and Methods

For this analysis, | used Python 3.11, primarily Pandas (v2.2.3) for data handling and Statsmodels (v0.14.1)

along with Linearmodels (v5.4) for statistical analysis.

Data

All datasets are publicly available and were aggregated at the state and week levels. Mortality data from
2017-2019 were used to construct baseline mortality, while all other datasets cover 2020-2022. The

compiled dataset includes 24 states over 157 iso-weeks.

Mortality data

Estimating the true mortality burden of COVID-19 is challenging, particularly in countries with limited
healthcare system capacity and incomplete vital registration [29-31]. Consequently, some researchers
prefer all-cause excess mortality, defined as the difference between observed and expected deaths, as a

more reliable measure [6, 32]. In this study, | use both all-cause excess and COVID-19 mortality data.

All-cause mortality data were obtained from Peru’s National Information System of Deaths (SINADEF) [33].

An assessment concluded that SINADEF represents a substantial improvement over earlier death registries
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96  in Peru; although some incompleteness remains, no systematic difference in completeness by sex was
97  observed [34]. In addition, COVID-19 case fatality data were analyzed [35]. These figures are subject to
98  underreporting and have been subsequently adjusted by the authorities [30]. However, this subgroup was

99  more likely affected by the CQ/HCQ treatment policy.

100 Medicament data

101 | collected data on CQ/HCQ distributions from the database of the National Center for the Supply of
102  Strategic Health Resources (CENARES) [36]. Since official treatment protocols treated CQ and HCQ as
103 equivalents, | do not distinguish between them and summed their distributions after the conversion of CQ

104  to HCQ-equivalents via protocol dosage ratios (see Table |, Appendix for details).

105  Prevalence of G6PD deficiency

106 | used a map of Latin America provided by Monteiro et al. [28] showing model-based estimates of the
107 prevalence of glucose-6-phosphate dehydrogenase deficiency (G6PDd). | overlaid the Peruvian state

108 boundaries onto it (Figure V, Appendix) to assign prevalence values to each state (Table IV, Appendix).

109 COVID-19 test results and vaccination data

110 | obtained COVID-19 test results from Peruvian authorities, which included both molecular (i.e., PCR) [37]
111 and nonmolecular tests (i.e., rapid antibody tests, antigen tests, and chemiluminescence assays) [38]. Like
112  official treatment protocols, | treated all types of tests equivalently. Additionally, | obtained COVID-19

113 vaccination data from Peruvian authorities [39] treating all vaccine types equivalently.

114  Other Data

115 Data on the population were obtained from official statistics [40]. For reasons of feasibility, all rate
116  calculations are based on the 2021 mid-year population estimates provided by the Ministry of Health of

117 Peru [40], which readily include the necessary breakdowns by sex, age group, and region. Moreover, |

6


https://doi.org/10.1101/2025.10.09.25337648
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.10.09.25337648; this version posted October 14, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY 4.0 International license .

118 consulted official documents containing CQ/HCQ treatment protocols for COVID-19 patients [9, 10, 41,

119 42].

120 Methods

121 Data preparation

122 Deaths categorized as violent (accidents, homicides, or suicides) and rare observations with missing
123 information on sex, age, or location were excluded. All datasets were aggregated to the state level and to
124  a weekly timeframe. The state of Callao is completely embedded within Lima and was therefore assigned
125  to Lima instead of treating it separately. | stratified the data by the age groups 0-14, 15-44, 45-64, 65—
126 79, and 80+ and created the aggregated group 45+, which is the main focus of this analysis, as this group

127  is considered to be most affected by COVID-19 and related treatments.

128 Coding of COVID-19 treatment protocols (recommendation_HCQ)

129 Official COVID-19 treatment protocols varied in their stance on CQ/HCQ [9, 10, 41, 42]. | coded these
130 recommendations in an ordinal variable called recommendation_HCQ from 0 (no recommendation), to 1
131  (recommended only for hospitalized, i.e., medium and severe COVID-19 cases), 2 (additionally
132  recommended for confirmed outpatient, i.e., mild cases), and 3 (additionally recommended for suspected
133  outpatient, i.e., mild cases). Protocol changes were aligned with the weekly dataset by assigning each

134 protocol to all calendar weeks between its issuance and the release of the subsequent update.
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135 Definition of the CQ/HCQ exposure period (period_HCQ)

136 In line with the hypotheses, | constructed the binary variable period HCQ? to indicate weeks when
137 outpatient treatment with CQ/HCQ likely occurred and acute hemolytic anemia may have been

138 mismanaged due to a strained healthcare system.

139  The variable period HCQ was set to 1 if (i) the official COVID-19 treatment protocol recommended
140 CQ/HCQ for outpatients, i.e., mild cases (recommendation_HCQ = 2 or 3), and (ii) the proxy for healthcare
141 system strain and pandemic waves, i.e., the z-score of all-cause mortality (all ages) exceeded the threshold
142 of 3 for at least two consecutive weeks. To account for potential delays between treatment and death, |

143  extended the period by two additional weeks after the z-score went below the threshold.

144 In at least 11 states, however, CQ/HCQ was soon displaced by ivermectin (IVM) for outpatient treatment.
145 In Piura, for example, the state health minister stated in early June 2020 (cw23) that HCQ for mild cases
146  has been replaced by IVM owing to its perceived efficacy and fewer side effects [43]. Moreover, ten states
147 (Ayacucho, Cajamarca, Cusco, Huancavelica, Huanuco, Junin, Moquegua, Pasco, Puno, Tacna)
148  implemented mass IVM distributions through the Ministry of Defense’s Mega-Operacion Tayta (MOT).
149 During its first phase, MOT conducted household visits to identify vulnerable individuals; one week later,
150 it began distributing IVM broadly, regardless of test status or symptoms, alongside other medications such
151  as acetaminophen and azithromycin [44]. HCQ was not distributed as part of the MOT. Similarly, the
152  regional government of Tumbes carried out a locally organized campaign with mass IVM distributions
153 (Vanessa 2020a, 2020b). In these 11 states, | therefore shortened period_HCQ by ending it two weeks after

154  the start of the mass IVM distribution to reflect a reasonable transition period.

2 For simplicity, | use here ‘HCQ’ to refer to both chloroquine and hydroxychloroquine.
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155  Since period_HCQ is based on assumptions and reasoning, | reconstructed it under alternative definitions
156 for robustness checks, using different z-score thresholds (2.5, 3, 3.5, 4) both with and without adjustments

157  for IVM campaigns.

158  State-level CQ/HCQ availability (HCQ_per _pop)

159 Reliable state-level time series data on CQ/HCQ consumption are unavailable. Instead, | used data on the
160  distribution of CQ/HCQ tablets to regional health authorities (i.e., stock data). For each state, | summed all
161 distributions that occurred before or during period HCQ and created a time-invariant variable,
162 HCQ_per_pop?. To make the states comparable, | standardized the different types of drugs according to
163  treatment protocols and divided the number of these tablets by the state population, expressed per

164 100,000 people (for details, see Table |, Appendix).

165 In most states, the quantities of distributed CQ/HCQ doses were limited relative to the total number of
166 COVID-19 cases. On average, only 1.16 doses per positive test in the 45+ age group were delivered,
167 decreasing to 0.4 doses when positive tests across all ages were considered (Table I, Appendix).
168  Symptomatic but untested cases were also treated [42], indicating relative scarcity in most states and
169 supporting the correspondence between stock data and actual usage. Moreover, self-medication with
170 CQ/HCQ seems to have been uncommon in Peru [45—47], and web searches indicate limited public interest
171 [48]. Therefore, HCQ_per_pop is unlikely to be strongly confounded by privately obtained doses. Although
172  this measure does not capture actual intake or distinguish between inpatient and outpatient
173  administration, HCQ_per_pop is expected to reasonably reflect interstate differences in CQ/HCQ

174  availability.

3 For simplicity, | use ‘HCQ’ to refer to both chloroquine and hydroxychloroquine.
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175  Statistical analysis

176 Estimating all-cause excess mortality rates

177  All-cause excess mortality is defined as the difference between the expected mortality and the observed
178  mortality. | estimated weekly absolute numbers of expected deaths (baselines) for 2020-22 for each state,
179 sex, and age group on the basis of historical data from 2017-19 via a time series regression model by
180  Karlinsky and Kobak [12]. Absolute numbers of all-cause excess deaths were then calculated by subtracting
181  the baseline from observed deaths, and crude mortality rates for each group were derived by dividing
182  excess deaths by the corresponding population and scaling per 100,000 individuals. For feasibility and
183  consistency, all rate calculations for 2020-22 used the 2021 mid-year population estimates provided by
184  the Ministry of Health of Peru [40], which already include necessary breakdowns by sex, age group, and
185 locality. This approach may not yield the most precise estimates of all-cause excess mortality rates.
186 However, more sophisticated methods would likely provide little additional insight, as only three years of

187  training data (2017-19) are available.

188  Age-standardized mortality rates (ASMR)

189  The confounding effect of different age structures makes comparisons between sexes for aggregated age
190  groups misleading. Therefore, for the 45+ age group, | calculated the age-standardized mortality rates
191 (ASMR) for males and females in each state via the direct method with Peru’s age structure as the standard
192  population. The sex difference was then calculated as the difference in the ASMR between males and

193 females. This was done separately for both all-cause excess and COVID-19 mortality rates.

194  To quantify the statistical uncertainty of the estimated all-cause excess ASMRs, | calculated 95%
195  confidence intervals (Cls) using the predictive standard errors from the baseline mortality regressions. For
196 each sex, the derived variances were summed across age groups using the squared standard-population

197  weights. The Cls were constructed as the point estimate + 1.96 times the square root of this variance.

10
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198 TWFE model specification

199 The sex difference in all-cause excess, as well as in COVID-19 ASMR, for the 45+ age group was used as the

200 dependent variable in two-way fixed-effects (TWFE) models, specified as follows:

201 ASMR_male;; — ASMR_female;,

202 = yperiod_HCQ;; + 6 (period_HCQ;; X G6PDD;)
203 + ¢ (period_HCQ; X HCQ_per_pop;) + Y (period_HCQ;+ X z — score; ) + f X ¢
204 +1+ 0 + &,

205  where period_HCQ; . indicates the weeks with likely outpatient treatment with CQ/HCQ during a strained
206  healthcare system in state i at time ¢, (period_HCQ;; X G6PDD;), (period_HCQ; X HCQ_per_pop;),
207  and (period_HCQ;; X z — score; ) are interaction terms capturing the conditional effects of G6PDd
208  prevalence, QC/HCQ availability, and healthcare system strain—as measured by the all-cause mortality z-
209  score for both sexes and all age groups—during period_HCQ, reflecting the hypotheses. X; ; is a vector of
210  control variables, n; and &, are state- and week-specific fixed effects, respectively, and &;, is the error
211  term® | used Driscoll-Kraay standard errors to account for cross-sectional dependence and serial
212 correlation [49] and used wild cluster bootstrap inference [50] as a robustness check, given the small

213 number of states.

214  The TWFE setup addresses several sources of confounding. First, time-invariant differences across states
215 not included in the interaction terms are absorbed by the state fixed effects. Second, week fixed effects
216  account for shocks common to all states at a given week. Third, using the sex difference in ASMR as the

217  dependent variable implicitly removes factors that influence men and women in a similar way.

4 For simplicity, | use ‘HCQ’ in the variable names to refer to both chloroquine and hydroxychloroquine.

11
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218 Control variables include the z-score, age-standardized sex differences in COVID-19 test positive rates, and
219  cumulative sex differences in first-dose vaccination rates for individuals aged 45+ years. Analogous to the
220  age standardization of mortality rates, test positivity rates were standardized via the national age
221  distribution of tests to account for differences in testing by age. The cumulative vaccination rate sex

222 differences were calculated as the sum over time of the male first-dose rates minus the female rates.

223 The z-score control variable estimates the ‘baseline’ relationship between overall excess mortality and sex
224  differences in ASMR independent of period_HCQ. It captures the general male-biased mortality pattern
225  observed during periods of increased all-cause mortality, whereas the z-score interaction term captures
226 any additional effect during period HCQ, reflecting the hypothesis that greater healthcare system strain
227  could have further amplified sex differences in mortality by increasing the likelihood of adverse effects

228 remaining unrecognized.

229 Because testing capacity in Peru was limited, particularly during the first wave, reported COVID-19 test
230  results are an imperfect proxy for true infections. Consequently, the observed sex differences in test
231  positivity may not fully capture actual infection patterns. Nonetheless, several considerations suggest that
232  the resulting bias is limited. Nationwide lockdowns and contact restrictions were not gender-specific and
233 are absorbed by week fixed effects, leaving only state-level reopening policies as a possible source of
234  differential exposure. Moreover, household transmission was high—a study in Lima reported a secondary
235 attack rate of 53% [51]—which likely reduced sustained disparities between sexes. Finally, Peruvian
236  seroprevalence studies consistently show no significant sex differences in infection levels [52—54]. Overall,
237  while short-term sex-specific fluctuations in infections may be partially captured by the control variable,
238 persistent sex-specific differences in infection risk were small and unlikely to explain the observed sex

239  difference in all-cause excess mortality.

12
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Results

Sex differences during pandemic waves

Except for Apurimac, all Peruvian states recorded higher male than female ASMR in the 45+ age group
during pandemic waves (i.e., periods 2 2 consecutive weeks with z-scores > 3), leading to predominantly
positive average sex differences in all-cause excess ASMR, as well as COVID-19 ASMR (Table 1). In most
states, these differences were greater during the first pandemic wave (when CQ/HCQ was recommended)
than in subsequent waves, with several cases showing confidence intervals that (nearly) exclude zero or
p-values <0.05. Moreover, the size of the observed differences varied considerably, ranging from negligible

or negative (Apurimac, Pasco) to very large (e.g., Madre de Dios, Moquegua, Ucayali).

13
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Table 1: Average sex differences in all-cause excess and COVID-19 ASMR during pandemic waves

Weeks Weeks Avg. aII-cau.se Avg. aII-cau.se Diff. COVID-1? COVID-1? Diff.
State Wave1  Waves 2+ excess sex diff. excess sex diff. all-cause excess Avg. Sex diff. | Avg. Sex diff. COVID-19
Wave 1[95% Cl] Waves 2+ [95% CI] | (W1-W2+) [95% CI] Wave 1 Waves 2+ (W1-W2+) (p-value)
Amazonas 8 10 41.9 [18.3, 65.4] 17.3[-6.3, 40.8] 24.6 [-8.7, 57.9] 344 19.2 15.2 (0.040)
Ancash 17 21 28.1[12.6, 43.6] 19.0 [3.5, 34.5] 9.1[-12.8,31.1] 24.2 18.4 5.8 (0.037)
Apurimac 4 31 -6.5[-31.7, 18.8] 2.9[-22.3,28.2] -9.4 [-45.1, 26.4] -1.1 5.4 -6.6 (0.367)
Arequipa 14 22 49.8 [36.0, 63.7] 16.7 [2.8, 30.5] 33.2[13.6,52.7] 3.3 14.6 -11.3 (0.078)
Ayacucho 2 8 54.0 [28.4, 79.6] 3.8[-21.8, 29.4] 50.2 [14.0, 86.4] 27.2 8.9 18.3 (0.043)
Cajamarca 10 20 24.8 [12.1, 37.5] 11.9 [-0.9, 24.6] 12.9[-5.1, 30.9] 19.8 12.3 7.5 (0.058)
Cusco 6 18 33.4[15.6,51.2] 10.8 [-6.9, 28.6] 22.6 [-2.5, 47.7] 7.4 14.7 -7.4 (0.053)
Huancavelica 6 18 30.1 [-8.5, 68.8] 6.1[-32.5, 44.8] 24.0 [-30.7, 78.6] 19.8 7.8 12.0 (0.030)
Huanuco 12 35 12.8 [-2.9, 28.6] 8.0[-7.8, 23.7] 4.8[-17.4,27.1] 11.3 11.4 -0.1 (0.966)
Ica 23 30 36.6 [18.9, 54.4] 21.3[3.6,39.1] 15.3 [-9.8, 40.4] 23.5 19.4 4.1(0.337)
Junin 11 23 32.4[16.4, 48.4] 25.7 [9.6, 41.7] 6.7 [-15.9, 29.4] 17.6 24.6 -7.0 (0.152)
La Libertad 18 25 30.2 [18.4, 42.1] 9.9[-1.9, 21.7] 20.3 [3.6, 37.0] 20.7 11.3 9.5 (0.010)
Lambayeque 18 33 32.0[11.6, 52.3] 9.6 [-10.8, 29.9] 22.4[-6.4,51.2] 23.2 12.3 10.9 (0.004)
Lima + Callao 27 31 28.7 [22.3, 35.0] 12.9[6.5, 19.2] 15.8 [6.8, 24.8] 20.7 16.5 4.2 (0.201)
Loreto 14 15 58.8 [43.2, 74.4] 18.2[2.5, 33.8] 40.6 [18.5, 62.7] 63.0 15.0 48.0 (0.001)
Madre de Dios 10 7 196.4 [131.4,261.4] @ 100.3 [35.3, 165.3] 96.1 (4.2, 188.0] 194.8 101.0 93.7 (0.012)
Moquegua 10 12 119.3 [88.0, 150.5] 19.4 [-11.9, 50.6] 99.9 [55.7, 144.1] 122.4 29.8 92.6 (0.000)
Pasco 9 22 15.1[-12.3, 42.6] 19.9 [-7.6, 47.3] -4.7 [-43.5, 34.1] 11.0 11.9 -0.9 (0.889)
Piura 12 10 52.4 [34.6,70.2] 13.4[-4.4, 31.3] 39.0[13.8, 64.2] 45.8 20.6 25.2 (0.002)
Puno 8 28 53.3 [39.9, 66.7] 18.8 [5.4, 32.2] 34.4 [15.5, 53.4] 21.0 15.1 5.8 (0.084)
San Martin 12 16 41.8 [21.3,62.2] 18.1[-2.3, 38.6] 23.6 [-5.3, 52.5] 40.4 18.3 22.1(0.002)
Tacna 10 25 71.0 [42.7,99.4] 35.1[6.8, 63.5] 35.9 [-4.2, 76.0] 57.2 27.9 29.2 (0.012)
Tumbes 11 17 58.1[22.2,94.1] 36.8 [0.8, 72.7] 21.4[-29.4,72.2] 54.7 42.0 12.7 (0.238)
Ucayali 6 9 110.0 [85.2, 134.7] 39.1[14.3, 63.8] 70.9 [35.9, 105.9] 95.3 50.7 44.6 (0.017)
Median 10.5 20.5 41.8 17.8 23.6 23.4 15.8 10.2
Mean 11.6 20.3 50.2 21.3 28.9 39.2 21.8 17.5
Std. Dev. 5.6 8.1 39.9 18.5 26.4 42.1 19.0 26.5
250 Note: Average ASMR sex differences (males minus females) for individuals aged 45+ in deaths per 100,000. Waves are defined as periods of 22 consecutive weeks with a z-score >3. The
251 95% confidence intervals (95% Cls) are based on the predictive variance of the baseline models. P-values are from two-sided permutation tests.
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Figure 1 shows the male and female all-cause excess ASMR for those aged 45+ over time, with markedly
higher values for males, especially during the 2020 wave, and a close correspondence with the all-age
mortality z-score. There is no period where female all-cause excess mortality significantly exceeds male
mortality (i.e., a negative sex difference) and regional heterogeneity is evident. Periods where period_HCQ
=1 (i.e., weeks of substantial healthcare system strain (z-score 23) combined with the CQ/HCQ
recommendation for COVID-19 outpatients) are also indicated. Comparable figures for all-cause sex

differences and for the COVID-19 ASMR are provided in the Appendix (Figure |, Figure 1, Appendix).
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Figure 1: Male and female all-cause excess ASMR for individuals aged 45+ over time by state
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261 Note: 95% Cl stands for 95% confidence interval.
262  TWFE model results
263 Table 2: Results of the TWFE models

Model 1 (all-cause excess) 2 (all-cause excess) 3 (CoVID-19) 4 (COVID-19)

R? (Within) 0.3863 0.4706 0.4606 0.6115

F-statistic 224.37 (p = 0.000) 241.69 (p = 0.000) 328.76 (p = 0.000) 492.17 (p = 0.000)
Constant 2.771%** (0.813) 4.219%** (0.492) 2.094%** (0.741) 3.324%** (0.408)
period_HCQ 22.049%** (5.124) -41.808*** (5.077) 15.689*** (4.424) -47.428%** (5.690)

period_HCQ x G6PDD_prevalence

8.209%** (1.845)

8.232%** (1.761)

period_HCQ x HCQ_per_pop

0.770*** (0.177)

0.823*** (0.167)

period_HCQ x z-score

3.050%** (0.671)

2.653%** (0.624)

z-score

2.611%** (0.529)

1.529%** (0.279)

2.486%** (0.441)

1.571%** (0.241)

Sex difference test positive rate (lag 4)

34.474%** (11.454)

31.550*** (10.166)

31.927*** (8.870)

28.668*** (8.717)

Sex difference vaccination rate (lag 3)

-27.394** (11.570)

-9.402 (7.082)

-34.252%** (12.506)

-15.584** (6.881)

264 Note: Dependent variable: all-cause excess or COVID-19 sex differences in ASMR (males minus females) for individuals aged 45+
265 years. The z-score is based on all-cause excess mortality in all models. Driscoll-Kraay standard errors in parentheses (see Table Ill,
266 Appendix for p-values from wild cluster bootstrap inference). Fixed Effects: entity, time. Observations: 3454 (22 states, 157 weeks).

267 The states Apurimac and Ayacucho were excluded because no clear period_HCQ > 4 weeks was identified.

268 | present two models for each of the two outcomes (all-cause excess, COVID-19) to separate the main and
269  interaction effects. In models 2 and 4 (Table 2), the main effect of period_HCQ should be interpreted with
270  caution, since it is not only identified at unrealistic values of the interactions (all zero), but is also inflated
271 by multicollinearity with the interaction terms. Models 1 and 3 (Table 2) show a positive and significant
272  coefficient for period_HCQ for both outcome variants (22.049, p <0.001; 15.689, p £ 0.001), indicating that

273  the difference between male and female ASMR increased during the period when CQ/HCQ was officially
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274  recommended for COVID-19 outpatients and the healthcare system was strained (z-score > 3). However,
275  this allows no conclusions regarding the hypothesized mechanism because it does not disentangle the

276  contributions of G6PDd prevalence, regional HCQ availability, or intensity of healthcare system strain.

277 Models 2 and 4 introduce interaction terms with G6PDd prevalence, regional CQ/HCQ availability, and the
278  all-cause z-score. This specification allows the effect of period_HCQ to vary by regional risk factors and
279  healthcare system strain (proxied by the z-score), effectively isolating the hypothesized mechanism. All
280  three interactions are positive and highly significant for both outcome variants: period_HCQ x G6PDd
281  prevalence (8.209, p <0.001; 8.232, p <0.001), period_HCQ x HCQ_per_pop (0.770, p <0.001; 0.823, p
282 <0.001), and period_HCQ x z-score (3.050, p £0.001; 2.653, p <0.001). For example, a one-category increase
283 in G6PDd prevalence — corresponding to a two-percentage-point increase (Table IV, Appendix) — alters the
284  effect of period_HCQ by an additional sex difference of 8.209 all-cause excess deaths or 8.232 COVID-19
285 deaths per 100,000. Marginal effects plots for GGPDd prevalence are provided in the appendix (Figures lll
286  and IV). The coefficients’ magnitudes of the interaction terms should be interpreted with caution, as they
287  vary slightly over the tested definitions of period HCQ. However, significance and signs are robust and

288 consistent with the tested mechanism.

289  Taken together, the results of the interaction terms suggest that in regions with higher G6PDd prevalence,
290  greater CQ/HCQ availability, and stronger healthcare system strain, sex differences in all-cause excess and
291 COVID-19 ASMR increased disproportionately during the CQ/HCQ treatment policy for outpatients,
292 supporting the hypothesized mechanism of drug-induced hemolytic anemia under stressed healthcare

293 system conditions.

294  The control variables also behaved as expected: the z-score captures the general male-biased mortality
295 pattern observed during periods of increased all-cause mortality and is positive and significant. The

296  coefficient of the 4-week lagged sex difference in test positive rates formally reflects a 100% difference
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297 (i.e., only men tested positive and no women) and is positive and significant in all models. It should be
298 interpreted as capturing short-term shifts in infection burdens between sexes, as discussed in the Methods
299  section. Although this variable is an imperfect proxy for true infection rates, its significance reflects that
300 observed mortality patterns overlapped with periods and regions in which one sex was more likely to be

301 registered as infected.

302 The 3-week lagged sex difference in first-dose vaccination rates has a negative coefficient, suggesting that
303  weeks with relatively higher rates of female vaccination are associated with smaller sex differences in
304  mortality. As with the test-positivity variable, the coefficient formally reflects a 100% difference and should
305 be interpreted as capturing relative shifts in vaccination coverage between the sexes during the
306 nationwide vaccination campaign starting in April 2021. The effect is somewhat unstable across
307  specifications and was observed only in 2021, so it should be interpreted cautiously. While it provides
308 some insight into sex-differential dynamics during the vaccination campaign, this variable does not

309 contribute to the identification of period_HCQ and serves as a supplementary result.

310 To further assess which sex drives the effect of increased sex differences in ASMR during period_HCQ,
311  separate models were estimated with male and female ASMR as outcomes. While these specifications are
312  subject to omitted variable bias and endogeneity, they serve as a diagnostic check and show a strong effect
313  for males but only negligible and mostly insignificant effects for females, suggesting that the observed sex

314  differences stem from higher male mortality rather than unusually low female mortality.

315 Discussion

316  The findings from Peru align with those of prior studies showing among men higher COVID-19 mortality
317 [4, 5] and all-cause excess mortality [3]. Significant periods with higher female than male all-cause excess

318 mortality, as observed in Thailand [6], were not present in Peru. This difference can be explained partly by
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319 theexclusion of traffic accidents in this analysis, which were probably responsible for the observed pattern
320 in Thailand [6]. The correlation between general excess mortality (z-score) and sex differences, as found

321  in Europe [3], was also confirmed by this analysis.

322 Moreover, the results are consistent with those of previous studies linking CQ/HCQ to increased all-cause

323 mortality [13], especially in the Peruvian context [14].

324 Except for some case reports [22-26], the risk of CQ/HCQ-induced acute hemolytic anemia in G6PD-
325  deficient patients is generally considered low according to a systematic review of the available evidence
326 [21]. This study, however, suggests that this risk may have been underestimated in the specific context of
327 Peru during the COVID-19 crisis, which was characterized by panic over an unknown virus, nontransparent
328  treatment protocols [55], misuse of medications [56, 57], and an overburdened healthcare system. Under
329 such circumstances, uncontrolled outpatient use of CQ and HCQ may have exposed G6PD-deficient
330 individuals to increased hemolytic risk, potentially contributing to the observed male—female mortality
331  gap. This hypothesis warrants further investigation using individual-level data linking medication use,

332 hematologic indicators, and G6PD status.

333  The Peruvian prison system may be a suitable sample for future research. From an ecological perspective,
334 a temporal association between the CQ/HCQ distribution and male mortality was also observed there.
335 Until October 2020, 445 Peruvian prison inmates have died from COVID-19, 251 (56%) of whom died
336  between April and May [58], which correlates with the delivery of 10,800 tablets of 400 mg HCQ in mid-

337 April [36].

338  There are several limitations to this study that are worth mentioning. First, the model is ecological in
339 nature and cannot establish individual-level causality. Second, the state-level measure of G6PDd
340 prevalence [28] is modeled and relatively coarse, which may blunt interaction effects. Third, the measure

341 of CQ/HCQ availability is based on stock data per population and does not capture actual intake,
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342 compliance, informal distribution, black-market flows, or tablets sold via the private health sector. Fourth,
343  the z-score of the all-cause ASMR serves only as an indirect indicator of healthcare system strain and does
344  not reflect ICU capacity, staffing shortages, etc. for which no data is available. Finally, the all-cause excess
345  ASMR were predicted by the model by Karlinsky and Kobak [12] and were used directly in the TWFE
346  analysis without formally accounting for estimation uncertainty, which may have resulted in

347 underestimated standard errors.

348 Conclusion

349  This study indicates that Peru’s nationwide CQ/HCQ treatment policy during the early COVID-19 pandemic
350 may have contributed to sex-specific differences in mortality among adults aged 45+, particularly in
351 regions with higher glucose-6-phosphate dehydrogenase deficiency (G6PDd) prevalence and during
352 periods of elevated healthcare system strain. Across states, both male all-cause excess and COVID-19
353 mortality consistently exceeded female mortality, with the largest male-female differences coinciding
354  with periods of plausible widespread CQ/HCQ use among COVID-19 outpatients. Interaction analyses
355 indicate that regions with higher G6PDd prevalence, greater CQ/HCQ availability, and elevated all-age

356 excess mortality (proxying healthcare system strain) experienced amplified male-female mortality gaps.

357 These findings are consistent with the hypothesis that CQ/HCQ-induced oxidative stress may have
358  triggered hemolytic crises in (undiagnosed) G6PDd patients. In the context of COVID-19, where infection
359 itself causes oxidative stress and potentially hemolysis [27] and presents with overlapping symptoms (e.g.,
360 dyspnea, fever), such adverse reactions may have been overlooked or misclassified as severe COVID-19 in

361 overstretched healthcare systems.

362  While causality cannot be established owing to the ecological study design, these findings underscore the

363 importance of incorporating genetic and sex-specific risk factors into pandemic treatment guidelines,
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364  particularly in resource-limited settings with high uncertainty. The oxidative stress induced by COVID-19
365 infection represents a distinct clinical context, in which drugs previously considered safe — such as
366 CQ/HCQ for widespread malaria treatment — may pose unforeseen risks for G6PD-deficient individuals.
367  Given the likelihood that hemolysis may have been unrecognized, ecological analyses remain crucial for

368  detecting population-level associations and generating hypotheses for future research and policy-making.
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Appendix

Figure I: Sex differences in all-cause excess ASMR (males-females) for individuals aged 45+ over time by state
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556 Note: The variance of the sex difference was obtained as the sum of male and female ASMR variances (see the Statistical Analysis

557 section), and the 95% confidence interval (95% Cl) was constructed as the point estimate + 1.96 times the square root of this
558 variance, assuming the independence of errors (Cov(m, f) = 0).
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Figure II: Sex differences in COVID-19 ASMR (males-females) for individuals aged 45+ over time by state
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561 Table I: Sum of delivered HCQ tablets per state population

HCQ_per_pop
State
period_HCQ z-score = 4 period_HCQ z-score = 3.5 period_HCQ z-score = 3 period_HCQ z-score = 2.5

Amazonas 39.62 39.62 39.62 39.62
Ancash 14.74 14.74 14.74 14.74
Apurimac - - 20.86 20.86
Arequipa 19.47 19.47 19.47 19.47
Ayacucho - - 27.35 27.35

Cajamarca 8.33 8.33 8.33 8.33
Cusco 10.30 10.30 10.30 10.30
Huancavelica 11.65 11.65 11.65 11.65
Huanuco 26.92 26.92 26.92 26.92
Ica 36.48 36.48 36.48 36.48
Junin 15.32 15.32 15.32 15.32

La Libertad 17.16 17.16 17.16 17.16
Lambayeque 16.36 21.55 21.55 21.55
Lima + Callao 18.69 18.69 18.69 18.69
Loreto 18.64 18.64 20.61 21.81
Madre de Dios 178.36 178.36 178.36 178.36
Moquegua 35.60 35.60 35.60 35.60
Pasco 25.17 25.17 25.17 25.17

Piura 5.51 5.51 5.51 5.51

Puno 7.65 7.65 7.65 7.65
San Martin 36.37 36.37 36.37 36.37
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Tacna 19.75 19.75 19.75 19.75
Tumbes 12.29 12.29 12.29 12.29
Ucayali 20.57 20.57 20.57 39.68
Median 18.66 19.08 20.16 20.31

Mean 26.68 26.92 26.82 27.64
Std. Dev. 33.68 33.62 32.25 32.30

Note: The different CQ/HCQ drugs used were 'CLOROQUINA 150 MG TAB', 'CLOROQUINA FOSFATO 250 MG (EQUIV. 155 MG
CLOROQUINA BASE) TAB', '"HIDROXICLOROQUINA [SULFATO] 400 MG TAB', '"HIDROXICLOROQUINA SULFATO 200 MG (EQUIV. 155
MG HIDROXICLOROQUINA) TAB' [36]. According to the treatment protocol, 1 CQ is considered equivalent to 1/6 HCQ [9]. All drugs
were standardized using 1 tablet '155 MG HIDROXICLOROQUINA' as the base. All of these standardized tablets that were
distributed before or during period_HCQ were summed and divided by the state population, with period_HCQ constructed with
different definitions (z-score thresholds) as described in the Data Preparation section. Missing values stem from the lack of

identification of period_HCQ with the given z-score threshold.

Table II: Scarcity CQ/HCQ: Doses per positive test

CQ/HCQ-Doses per positive tests in age group 45+
Total tests per population
State . . . .
eriod_HCQ z- eriod_HCQ z- eriod_HCQ z- eriod_HCQ z-
P _HCa P _HCa P -Hca P _HCa during Period_HCQ (z-score = 2.5)
score =4 score = 3.5 score =3 score = 2.5

Amazonas 1.36 1.21 1.21 1.11 0.19
Ancash 0.46 0.46 0.42 0.41 0.21
Apurimac NaN NaN 4.48 2.12 0.13
Arequipa 0.23 0.22 0.22 0.22 0.50
Ayacucho NaN NaN 3.30 2.11 0.06
Cajamarca 0.59 0.59 0.57 0.57 0.10

32


https://doi.org/10.1101/2025.10.09.25337648
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.1101/2025.10.09.25337648; this version posted October 14, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY 4.0 International license .

Cusco 0.41 0.41 0.41 0.41 0.14
Huancavelica 1.36 1.09 1.09 1.09 0.09
Huanuco 1.23 1.14 1.14 1.14 0.14
Ica 0.54 0.54 0.54 0.54 0.39
Junin 1.12 1.03 1.03 1.03 0.10
La Libertad 0.51 0.51 0.48 0.48 0.19
Lambayeque 0.94 0.80 0.70 0.59 0.17
Lima + Callao 0.27 0.27 0.27 0.27 0.40
Loreto 1.38 1.38 1.09 0.94 0.08
Madre de Dios 3.66 3.35 3.35 3.05 0.26
Moquegua 0.40 0.40 0.39 0.39 0.48
Pasco 1.80 1.68 1.68 1.68 0.14
Piura 0.64 0.64 0.64 0.64 0.04
Puno 0.56 0.56 0.56 0.56 0.08
San Martin 1.36 1.36 1.29 1.29 0.11
Tacna 0.51 0.51 0.51 0.49 0.26
Tumbes 1.01 1.01 1.01 1.01 0.05
Ucayali 1.80 1.80 1.80 2.17 0.07
Median 0.79 0.72 0.85 0.79 0.14
Mean 1.00 0.94 1.16 1.00 0.18
Std. Dev. 0.73 0.67 1.04 0.70 0.13

571 Note: CQ/HCQ deliveries [36] that occurred before or during period_HCQ were considered, and 1 CQ/HCQ dose corresponds to

572 18 tablets of HIDROXICLOROQUINA SULFATO 200 MG [41]. All positive COVID-19 tests in the 45+ age group that occurred during
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573 period_HCQ were counted, with period_HCQ constructed with different specifications (z-score thresholds) as described in the

574 Data Preparation section.

575

576 Table Ill: Inference with Wild Cluster Bootstrap [50] for Models 1, 2, 3, and 4 (Table 2, main text)

p-value (Wild Cluster Bootstrap)
Model 1 (all-cause excess) 2 (all-cause excess) 3 (COVID-19) 4 (COVID-19)
period_HCQ 0.000 0.001 0.002 0.000
period_HCQ x G6PDD prevalence - 0.075 - 0.023
period_HCQ x HCQ_per_pop - 0.046 - 0.003
period_HCQ x z-score - 0.000 - 0.004
z-score 0.000 0.000 0.000 0.000
Sex difference test positive rate (lag 4) 0.028 0.029 0.003 0.003
Sex difference vaccination rate (lag 3) 0.002 0.051 0.000 0.007

577
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578 Figure Ill: Marginal effect of period_HCQ conditional on G6PDd prevalence. Dependent variable: sex difference in all-cause excess

579 ASMR (males-females) at age 45+
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581 Note: The variable HCQ_per_pop (time-invariant) is held at its mean. The variable z-score is held at its mean during period_HCQ.

582 Figure IV: Marginal effect of period_HCQ conditional on G6PDd prevalence. Dependent variable: sex difference in Covid-19 ASMR

583 (males-females) ages 45+
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585 Note: The variable HCQ_per_pop (time-invariant) is held at its mean. The variable z-score is held at its mean during period_HCQ.

586
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587 Figure V: States of Peru and modeled G6PDd prevalence [28]
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590 Table IV: G6PDd prevalence by state, derived from [28]

State G6PDd prevalence [28]
Amazonas 4.5 (6-10%)
Ancash 2.0 (2-4%)
Apurimac 2.0 (2-4%)
Arequipa 2.0 (2-4%)
Ayacucho 2.0 (2-4%)
Cajamarca 4.0 (6-8%)
Cusco 2.0 (2-4%)
Huancavelica 1.5 (0-4%)
Huanuco 2.0 (2-4%)
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Ica 1.5 (0-4%)
Junin 1.5 (0-4%)
La Libertad 3.0 (4-6%)
Lambayeque 4.0 (6-8%)
Lima + Callao 1.0 (0-2%)
Loreto 4.5 (6-10%)
Madre de Dios 3.0 (4-6%)
Moquegua 2.0 (2-4%)
Pasco 1.5 (0-4%)
Piura 5.0 (8-10%)
Puno 3.0 (4-6%)
San Martin 3.5 (4-8%)
Tacna 2.0 (2-4%)
Tumbes 5.0 (8-10%)
Ucayali 3.0 (4-6%)
591 Note: G6PDd prevalence was coded on the basis of Monteiro et al. (2014); values in parentheses indicate the original modeled

592 prevalence [28].
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