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Background: Between 1979 and 2016, US overdose death rates rose in a smooth fashion, described by Jalal and
Burke using an exponential growth curve that fit observed data nearly perfectly. Fluctuations above this curve
have subsequently been seen during shocks related to drug supply and the COVID-19 pandemic. However, large-
magnitude dips below the curve have never been demonstrated. Given that overdose mortality began sharply
falling during 2023-2024, we assess updated overdose trends against the Jalal-Burke curve.

Methods: We examined US overdose deaths from the National Vital Statistics System between 1979-2024. We
recreated the Jalal-Burke curve, fitting an exponential growth curve to overdose rates from 1979 to 2016,
projected through 2024, with 95% confidence intervals. We also examined trends by specific substance
involvement.

Results: After precipitously surpassing exponential growth predictions in 2020-2023, overdose deaths decreased
sharply from approximately 32 per 100,000 in 2021-2023 to 23.7 in 2024, falling below the lower bound of the
Jalal-Burke curve (24.1 per 100,000) for the first time since 2001. These decreases reflected declining illicit
fentanyl-involved deaths, which fell to 14.25 per 100,000 in 2024; however, deaths involving stimulants without
fentanyl, and those involving xylazine, represent an increasing share of deaths, rising to 5.64 and 1.89 per
100,000, respectively, in 2024.

Conclusions: Rather than simply representing a return to the Jalal-Burke exponential growth curve, recent de-
creases in overdose deaths represent the first significant, large-magnitude deviation below exponential growth
projections. This represents a very positive development; however, shifting challenges in the US drug crisis
require a tailored response.

Introduction

Drug overdose mortality in the United States (US) has risen steadily
for decades. In their landmark study in Science, Jalel et al. described this
phenomenon, and showed that the US overdose death rate between
1979 and 2016 could be described in a nearly mathematically perfect
fashion with a simple exponential growth curve (reflecting an R? value

of 0.99) (Jalal et al., 2018). This insight about the nature of the overdose
crisis sparked scientific debate about the mechanisms underpinning
exponential growth, and the durability of similar trends into the future
(Caulkins, 2022; Compton et al., 2022; Keyes & Cerdd, 2022; Reuter,
2022).

In subsequent analyses incorporating additional years of data, Jalal
and Burke—as well as other author groups—have highlighted that
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deviations above this curve have occurred in the context of drug supply
shocks and the COVID-19 pandemic (Compton et al., 2022; Jalal &
Burke, 2022, 2026). Nevertheless, large-magnitude shifts below the
Jalal-Burke curve have never been demonstrated. However, given that
the US overdose death rate began decreasing in mid-2023 (Friedman
et al., 2026; Post et al., 2025), we assess updated overdose mortality
trends against the Jalal-Burke curve.

An additional key insight from Jalal et al. was that, despite the
smooth overall growth of the US overdose mortality curve, it was
composed of a shifting profile of drugs over time (Jalal et al., 2018). This
shifting composition, over the past 25 years, has also been described
using a four-wave paradigm (Ciccarone, 2021). Waves 1-4 correspond
roughly to deaths from prescription opioids, heroin, synthetic opioids
(mainly illicitly manufactured fentanyl) without stimulants (including
psychostimulants, e.g., methamphetamine, and cocaine), and fentanyl
with stimulants, respectively (Ciccarone, 2021; Friedman et al., 2026;
Friedman & Shover, 2023). Here, we leverage substance-specific over-
dose mortality data to examine how each of these waves has contributed
to overall changes relative to the Jalal-Burke curve.

Methods

Nationally representative drug overdose death data were obtained
from the National Vital Statistics System for 1979-2024. Overdose
mortality was defined using ICD-10 underlying cause of death codes
X40-X44 (unintentional), X60-X64 (suicide), X85 (homicide), and
Y10-Y14 (undetermined). Of note, the original analysis by Jalal et al.
used overdose mortality data corresponding only to accidental over-
doses (X40—X44) (Jalal et al., 2018), which do represent the vast ma-
jority of overdose deaths, but misses those corresponding to suicide,
homicide, or unknown intent. For instance, in 2024, accidental over-
doses represented about 92% of total observed overdose deaths (CDC
WONDER, n.d.). The field, including follow-up studies (Compton et al.,
2022), CDC figures, most federal studies, and databases (Ahmad et al.,
2020), and follow-up studies by Jalal and Burke (Jalal & Burke, 2026)
have switched to including the broader set of codes, which we also
employed here for consistency with the most recent literature and
standard practice in the field. This is not expected to have a large impact
on the direction of findings or magnitude of trends compared to
analyzing only accidental overdoses.

Data on deaths between 1999 and 2024 were obtained for overdose-
related deaths overall and stratified by year and substance-involvement
via the Centers for Disease Control and Prevention (CDC) Wide-ranging
ONline Data for Epidemiologic Research (WONDER) platform (CDC
WONDER, n.d.). As the CDC WONDER platform does not provide re-
cords before 1999, mortality rates at the national level between 1979
and 1998 were obtained by year from a separate publication using NVSS
data (Compton et al., 2022).

Trends broken down by substance involvement were obtained for
prescription opioids (T40.2), heroin (T40.1), synthetic opioids (pri-
marily and herein referred to as fentanyl) [T40.4], cocaine (T40.5),
psychostimulants with abuse potential (primarily and herein referred to
as methamphetamine) [T43.6], and xylazine (T42.7 or T46.5).

To recreate the Jalal-Burke exponential curve, we fit a bivariate
linear regression model with the outcome as the natural log of deaths per
100,000 population and the explanatory variable of year of occurrence,
using national overdose death data from 1979 to 2016. This represents
the same time period as the original analysis (Jalal et al., 2018). The
model used to fit data between 1979 and 2016 was linearly extrapolated
to make predictions for the 2017-2024 period. Observed trends between
1979 and 2024 were compared with model predictions, with 95%
confidence intervals (CIs) drawn from the fitted model assuming a
normal distribution.

Analyses were conducted in R version 4.4.1. This analysis of dei-
dentified data was exempt from review by the University of California,
San Diego, Institutional Review Board.
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Results

During the COVID-19 pandemic in 2020, overdose mortality rose
sharply above the exponential growth curve (Fig. 1). Rates remained
elevated above the curve prediction, at approximately 32 deaths per
100,000 population between 2021 and 2023. In 2024, national overdose
mortality fell precipitously to 23.7 per 100,000, dropping below the
95% CI of the exponential curve prediction (24.1-29.0 per 100,000) for
the first time since 2001.

Rates of overdose deaths involving prescription opioids (with fen-
tanyl co-involved deaths omitted), heroin (fentanyl omitted), fentanyl
(without stimulants), and fentanyl (with stimulants) reached inflection
points and began to fall in 2017, 2016, 2022, and 2024, respectively,
marking the decline of waves 1-4 of the crisis, respectively. Cocaine,
methamphetamine, and xylazine represented segments of the overdose
curve that were not declining in 2024. Total fentanyl-involved overdose
deaths fell to 14.25 per 100,000 in 2024, consisting of 8.38 per 100,000
and 5.87 deaths per 100,000 with and without stimulant involvement,
respectively. In 2024, the rate of deaths involving stimulants without
fentanyl (5.64 per 100,000) almost caught up to the rate of deaths
involving fentanyl without stimulants (5.87 per 100,000). This reflects
that deaths involving methamphetamine (without fentanyl) increased
from 3.52 per 100,000 in 2023 to 3.69 per 100,000 in 2024, and deaths
involving cocaine (without fentanyl) increased from 2.14 per 100,000 in
2023 to 2.25 per 100,000 in 2024. Deaths involving xylazine held steady
at 1.88 per 100,000 in 2023 and 1.89 in 2024—representing an
increasing proportion of fentanyl-involved deaths over time.

Discussion

The US overdose crisis is undergoing a historically significant tran-
sition. After experiencing steady increases for nearly half a century, our
findings suggest that US overdose mortality finally dipped below the
Jalal-Burke exponential growth curve, in the midst of sharp declines
occurring in 2023 and 2024. All four waves of the overdose crisis are
now in decline, with wave four—defined by deaths involving fentanyl
with stimulants—beginning to reverse in 2024. However, deaths
involving certain drugs, including methamphetamine and cocaine
without fentanyl, and xylazine, continue to rise.

From the inception of the concept of the exponential growth curve, it
was theorized to be an inherently limited phenomenon; exponential
growth must eventually flatten out due to physical constraints, i.e., there
is only a finite number of potentially vulnerable individuals (Jalal et al.,
2018). Jalal and Burke also speculated that the observed exponential
growth curve may actually represent the early portion of a logistic curve,
which will emerge into an ‘S’ shape with time (Burke & Jalal, 2022).

Various mechanisms have been proposed to explain both previous
exponential growth and more recent decreases in death rates(Ciccarone
et al., 2026). Exponential increases were likely related to increasingly
early and large magnitude upticks in overdose mortality in each sub-
sequent US birth cohort (Jalal et al., 2020) as well as waves of
increasingly potent opioids in the illicit drug market (Ciccarone, 2021;
Friedman & Shover, 2023). Recent decreases have been hypothesized to
reflect changes in the number of remaining susceptible individuals,
drops in fentanyl potency, increasing tolerance, shifting use practices (e.
g., increased smoking rather than injecting of opioids), and health pol-
icies and harm reduction practices, such as increased access to naloxone
and medications for opioid use disorder (Friedman et al., 2026; String-
fellow et al., 2025; Vangelov et al., 2026). The relative importance of
these factors in explaining decreases remains to be determined, but the
persistence of these decreases will likely depend on future shifts across
these areas. It also remains to be seen whether these mechanisms result
in a bell-shaped curve in which overdose mortality returns to the much
lower levels seen in prior decades, or if they level off in a pattern more
characteristic of a logistic curve.

Although recent decreases are substantial, policymakers, clinicians,
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Fig. 1. Overdose Death Rates Compared to Exponential Growth and by Substance Co-Involvement A) National-level estimates of overdose deaths per 100,000
are shown by year from 1979 to 2024. Following the general approach established by Jalal et al., an exponential line of best fit is shown, estimated using data from
1979-2016 with a 95% uncertainty interval. The vertical dashed line shows the portion of the graph corresponding to Figure part B, for which drug-specific data were
available from 1999-2024. B) Drug overdose death rates per 100,000 are shown by specific substance involvement. Fentanyl-involved deaths are shown separately by
stimulant co-involvement status. *Deaths for methamphetamine (meth), cocaine, commonly prescribed opioids (Rx Opioids) and heroin are shown removing deaths
co-involved with fentanyl. Data from 2024 are provisional and may slightly underestimate final numbers.

and public health officials should be prepared for the possibility of a
return to exponential growth, which could occur due to various mech-
anisms. One potential path for a return to the previous growth trend is if
novel synthetic drugs once again change the risk environment of drug
use. Some novel classes of illicit substances have already seen increased
in prevalence in recent years and have the potential capacity to drive
increasing overdose death rates should they begin to proliferate widely
in the illicit drug market. Many of the underlying social, economic, and
political structural conditions that permitted the overdose crisis to grow
exponentially for so long remain deep-seated in the US, and could
similarly facilitate exponential growth in the midst of new drug dy-
namics (Caulkins, 2022; Dasgupta et al., 2018; Friedman et al., 2024). Of
note, involvement of methamphetamine and/or cocaine (without fen-
tanyl involvement) and xylazine are found in a growing fraction of
deaths, highlighting that the nature of the crisis continues to present
new public health challenges requiring updated interventions. Addi-
tionally, shifting cultural and illicit economic patterns are inherently
difficult to predict; a return to exponential growth could be triggered if
new cultural dynamics or market forces recruit a large, new cohort of
individuals into initiating synthetic opioid use. Another possibility is
that drops in recent years may simply represent ‘mortality displacement’
from the pandemic, similar to the effect described with a transient drop
in tuberculosis deaths following the 1918 influenza pandemic (Abbott,
1922). If the COVID-19 pandemic induced a large upward ‘wobble’ in
overdose mortality, it is possible that we are currently observing the
temporary downside of that same phenomenon, wherein the most
vulnerable individuals experienced premature mortality ‘displaced’ into
the pandemic peak, leading to a temporary trough before rates revert to
their long-term trajectory. Given that the spike in overdose deaths
observed during the COVID-19 pandemic remained elevated above the
Jalal-Burke curve for 4 years, it may be prudent to observe at least 5
years of trends below the curve before determining that we have fully
departed from previous exponential growth trajectories in a longer-term
fashion.

Furthermore, despite recent progress, overdose death rates remain at
about 400% of the magnitude seen in the year 2000 and continue to be
far higher than those in other developed nations (Aziani & Caulkins,
2023; Gumas, 2025). The nearly 80,000 lives lost to overdose in 2024
remain a staggering quantity of preventable mortality.

The sharp exponential growth seen in the US in recent decades,
amidst the transition from agricultural to synthetic drug products, could
also be relevant to public health planning in other countries that may be
experiencing initial increases in overdose deaths amidst the prolifera-
tion of fentanyls, nitazenes, and other synthetic opioids (Giraudon et al.,
2024).

Limitations

Limitations of this study include the provisional nature of 2024 data,
which may change slightly in final numbers. Caution should also be used
in interpreting this dip below the curve to imply continued decreases;
only time will tell if this represents the beginning of sustained decreases,
or a temporary downward shock.

As is standard among analyses using national overdose death data,
our codes for ‘fentanyl’ refer to synthetic opioids broadly, but are un-
derstood to represent majority fentanyl and fentanyl analog deaths
(Friedman & Shover, 2023). Similarly, our ‘methamphetamine’ category
refers to psychostimulants, known to be mostly methamphetamine (Han
etal., 2021). Codes for ‘xylazine’ involved deaths may also include those
corresponding to medetomidine and other related agents (J. R. Fried-
man, 2025). Data are lagged, so they do not include trends through the
past year, and data on certain newly emergent drugs, such as medeto-
midine, are not yet available in a specific fashion. Overdose trends here
include a small fraction representing suicides and homicides, which may
have distinct dynamics not separately analyzed here.

Conclusion

Our findings suggest that, rather than simply representing a return to
the Jalal-Burke exponential growth curve, recent decreases in overdose
deaths represent the first significant and large deviation below expo-
nential growth projections since the curve was defined using data
beginning in 1979. These trends represent a very positive development.
However, the rising share of deaths involving stimulants and xylazine
highlights that challenges in the US drug crisis are shifting, nonfatal
health harms from addiction may be rising in importance, and expo-
nential growth could be seen again in the future if shifts in the illicit drug
market—together with underlying social, economic, and political
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conditions—trigger renewed increases.
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