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ARTICLE INFO ABSTRACT

Keywords: Introduction: The market shift from heroin to illicitly-manufactured-fentanyl in North America led to surging
Opioid use disorder opioid mortality. However, limited information exists about the doses of illicit fentanyl regularly consumed. We
Tolerance

examined purity of fentanyl samples and estimate the typical daily oral milligrams of morphine equivalent
(MME).

Methods: Leveraging community-based drug checking data from Los Angeles, we ascertained the purity of 509
samples of fentanyl collected between September 2023 and January 2026 using liquid chromatography mass
spectrometry. We assessed typical consumption quantity and routes of administration among 47 respondents
who reported regularly using fentanyl. We estimate bioavailability and MME conversion factors from literature.
To estimate daily MME, incorporating all parameter uncertainty, we used a bootstrapping approach with
1,000,000 draws, with sensitivity analyses to assess the impact of factors including the correlation between
purity and quantity.

Results: Among participants, the mean daily consumption of fentanyl was 1.07 g (95% prediction interval: 0.03g-
4.00 g). Illicit fentanyl products had a mean fentanyl purity of 12.47% (0.23%-38.80%), and the mean estimated
bioavailability based on routes of administration was 50.82% (30.64%-76.75%). The mean estimated IV fentanyl
to PO morphine MME conversion factor was 1 to 183.15 (71.85-294.21). The mean estimated daily consumption
in our sample was 8887.55 MME (156.56 MME-41,761.30 MME).

Conclusions: Under all plausible estimation scenarios, individuals consuming illicit fentanyl in Los Angeles on
average use a quantity of MME several orders of magnitude higher than clinical guidelines or typical methadone
doses. This likely contributes to high overdose mortality, high opioid tolerance, and more difficult methadone
and buprenorphine induction.

Drug checking
Illicit drug supply

1. Introduction and oral (PO) morphine estimated to range between 1:66 and 1:300

(Fortnightly Review: Morphine in cancer pain: modes of administration

Since the early 2010s, the North American overdose crisis has been
driven primarily by illicit fentanyl and its analogues (Friedman and
Shover, 2023; Shover et al., 2020). As a synthetic opioid easily produced
in large quantities, illicit fentanyl has become a drug of choice for many
consumers because it is inexpensive and readily available (Morales et al.,
2019). Fentanyl is far more potent than opioids derived from the opium
poppy such as heroin and oxycodone, with a milligram of morphine
equivalence (MME) conversion factor between intravenous (IV) fentanyl
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1996; Mercadante et al., 2002; Starlander et al., 2011). It is generally
understood that fentanyl’s high potency makes it easy for individuals to
inadvertently consume more than intended, leading to greatly elevated
overdose death rates(Althoff et al., 2020; Friedman and Shover, 2023).
However, detailed information about the actual doses of illicit fentanyl
consumed in real-world settings by individuals with opioid use disorder
(OUD) is extremely limited. For the use of clinically prescribed phar-
maceutical opioids, a daily recommended limit of 90 PO MME is often
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recommended, although patient specific factors must be considered
(Dowell et al., 2016). For substance use disorders involving legal sub-
stances like alcohol and tobacco, exposure quantification is part of the
standard approach to treatment, with metrics such as drinks per day and
pack-years codified in clinical guidelines. In the illicit market, however,
exposure quantification is more difficult, given lack of quality control
and the shifting composition of illicit drug products (Krotulski et al.,
2022). Patients are often unaware of the actual drugs and amounts in
their supply, and reliable dosing guidance can be difficult to ascertain.
Consequently, there are important potential clinical and epidemiolog-
ical benefits of quantifying illicit fentanyl consumption among in-
dividuals with OUD. These include improved withdrawal management
(Thakrar and Kleinman, 2022), improvements in dosing guidance with
medications for opioid use disorder (MOUD) (Shearer et al., 2022), and
better characterization of the risk environment for this population
(Ciccarone, 2017).

Leveraging advancements in community-based drug checking ap-
proaches (Delaney et al., 2023; Friedman et al., 2025; Shover et al.,
2025a, 2025b) and analytical technologies (Appley et al., 2023; Sisco
et al., 2017), we quantified the purity of illicit fentanyl samples in Los
Angeles and combined this with self-reported consumption quantities to
estimate the daily MME consumed by participants in a drug checking
program who reported recent fentanyl use.

2. Methods

We analyzed 509 drug samples collected between September 2023
and January 2026 at Drug Checking Los Angeles, a community-based drug
checking program with multiple sites across Los Angeles County. These
samples were drawn from a larger pool of n = 2522 collected during
2023-2026; the subset of 509 represents those for which a) quantitative
fentanyl results were available and b) samples were expected by par-
ticipants to contain fentanyl. Drug samples were provided anonymously
and voluntarily by drug checking participants. Services occur in harm
reduction settings, and participants provide small quantities of sample
for testing. Most samples are expected to reflect the retail drug market, i.
e. drugs sold in small quantities to end-users. However, for privacy
purposes, we do not inquire if participants participate in drug sales, and
may have access to ‘wholesale’ product. For each sample, a few milli-
grams of drug product were transferred into a vial containing 0.5 mL
acetonitrile. Samples were analyzed at the National Institute of Stan-
dards and Technology (NIST) using liquid chromatography mass spec-
trometry (LC-MS) [see previously published methods (Appley et al.,
2023; Shover et al., 2025b; Sisco et al., 2017). Similar to previous an-
alyses, fentanyl purity was defined as the combined percentage by
weight of each sample represented by either fentanyl or fluorofentanyl;
these compounds are of comparable potency and impart comparable
biologic effects (Canfield et al., 2025).

Drug checking participants were invited to answer a brief, confi-
dential survey about their recent drug use. Among 47 unique re-
spondents who reported using fentanyl in the past 30 days, we assessed
consumption (grams per day), and routes of administration (see sup-
plement for more details). For each route of administration, we drew
bioavailability estimates from a literature review of experimental data
[see supplement] (Cook et al., 1993; Darwish et al., 2007; Harris et al.,
2003; MacLeod et al., 2012; Mather et al., 1998; Nardi-Hiebl et al., 2021;
Streisand et al., 1991; Striebel et al., 1993; Vasisht et al. (n.d.)). IV
fentanyl to PO morphine MME conversion factors were also drawn from
literature review [see supplement] (Ing et al., 2024; Mercadante et al.,
2002; Starlander et al., 2011).

We estimated daily MME consumed by drug checking participants in
Los Angeles according to the following formula:

Equation 1. Calculation of estimated daily milligrams of oral
morphine equivalent (MME) used among regular consumers of fentanyl,
who visited drug checking services in Los Angeles
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Estimated Consumption (in MME) = Mass consumed «  Purity

*  Bioavailability
*x  MME Equivalence

In this equation, Mass Consumed is the estimated raw quantity of
illicit fentanyl product used per day in milligrams, Purity is the pro-
portion of active (i.e. either fentanyl or fluorofentanyl) compound in
product expected to be fentanyl, Bioavailability is the routes of
administration-specific proportion of total drug used estimated to reach
the systemic circulation, MME Equivalence is a metric used to convert
doses of different opioids into an approximately equivalent dose of oral
morphine to allow for consistent comparisons of potency and risk, which
in this case are based on the estimated ratio of physiological potency
between IV fentanyl and oral morphine (Fortnightly Review: Morphine
in cancer pain: modes of administration 1996; Mercadante et al., 2002;
Starlander et al., 2011).

Each of the elements in this equation is associated with a degree of
uncertainty. To estimate MME consumed, incorporating uncertainty and
individual variation in each parameter, we used a bootstrapping
approach. This entailed creating 1,000,000 draws of each
parameter—representing the full distribution of uncertainty or variation
in each parameter—and calculating MME over these 1,000,000 itera-
tions, yielding a distribution of estimated MME values. At the draw-
level, correlation between quantity of fentanyl consumed, and route-
of-administration, is preserved from the underlying data, as these
quantities are sampled together. When respondents reported employing
multiple routes of administration, the fraction of consumption from each
route was drawn probabilistically from uniform distributions (which
were standardized to sum to 1.0). This assumes that each route of
administration was equally likely on average but incorporates uncer-
tainty in the relative proportion of each into the model (see supplement).
To generate summary statistics across the draws, we calculate point
estimates using means, and 95% prediction intervals (using the 2.5th
and 97.5th percentiles) for all estimated quantities. For each, the 95%
prediction interval indicates the bounds within which 95% of the esti-
mated parameter for the population fell.

To examine the importance of correlation between purity and
quantity of fentanyl consumed, differing estimation scenarios were
employed. In a more conservative scenario (sensitivity analysis #1),
maximal inverse correlation was induced between quantity of fentanyl
consumed and purity of fentanyl consumed, by sorting draws of each
quantity in opposite directions (see supplement). This has the effect of
assuming that individuals using more potent fentanyl products consume
less raw weight than individuals using less potent fentanyl formulation.
In a less conservative scenario (sensitivity analysis #2), no correlation
was induced, and these two parameters were sampled independently
and were virtually uncorrelated. This assumes that individuals using
more pure fentanyl were no more, and no less, likely to use a greater
quantity of fentanyl. Both scenarios are shown as sensitivity analysis in
the supplement. In the primary model—displayed in the main
text—these two models were combined, by taking 1,000,000 draws from
each approach, and calculating summary statistics across the resulting
distribution of 2,000,000 draws.

Additional sensitivity analyses were conducted. Sensitivity analysis
#3 assumed that for all individuals who employed various routes of
administration that included smoking, their estimated bioavailability
reflected only values for smoking, as the other routes were negligible.
This was conducted as other research has shown a predominance of
smoking among individuals employing various routes (Ciccarone et al.,
2024). An additional scenario was employed to emulate a behavioral
response where consumers attempt to titrate their usage based on po-
tency but do so imperfectly in the fourth sensitivity analysis. In this
model, a “noisy” inverse correlation was induced between the daily
quantity consumed and fentanyl purity by applying a uniform noise
function to the inversely ranked purity distribution (see supplement).
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Finally, a fifth, “maximally conservative” sensitivity analysis was per-
formed by combining the assumptions of both sensitivity analysis #1
and #3. This model assumed a maximal inverse correlation between
quantity and purity alongside a smoking-only bioavailability for those
reporting smoking, representing the most restrictive estimation
approach.

This project received approval by the UCLA IRB (IRB22-0760). All
analyses were conducted in R version 4.4.1.

3. Results

Among the 47 participants reporting past 30-day fentanyl use and
consumption quantity, the mean daily consumption of raw fentanyl
product (not active ingredient) was 1.07 g (95% prediction interval:
0.03g—4.00 g) (Fig. 1). Raw products sold as fentanyl had a mean fen-
tanyl purity (combined concentration of fentanyl and fluorofentanyl, as
applicable) of 12.47% (0.23%—38.80%). Almost all participants
(n = 46; 97.87%) reported smoking/vaporizing fentanyl. Many (n = 14;
29.79%) also reported injecting, and 7 (14.89%) reported nasal insuf-
flation. One participant reported exclusively oral ingestion, and one
reported oral ingestion, insufflation, and smoking. Assuming probabi-
listically equal consumption via each method when participants re-
ported multiple routes of administration, and accounting for uncertainty
in bioavailability associated with each method (see supplemental
methods), the average estimated bioavailability was 50.82% (30.64%—
76.75%). The average estimated MME conversion factor between IV
fentanyl and PO morphine was 1 to 183.15 (71.85-294.20).
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Incorporating each of these parameters, we estimate that partici-
pants consumed an average daily estimated MME of 8887.55 MME
(156.56 MME—41,761.30 MME) [Fig. 2].

In the first sensitivity analysis, assuming maximal inverse correlation
between quantity and purity, the average estimated MME was lower at
6007.91 MME (537.23 MME - 18,483.31 MME) [Supplemental
Figure 2]. In the second sensitivity analysis, assuming no correlation
between quantity and purity, the average estimated MME was higher
(11,767.19 MME), with a significantly more skewed distribution,
reflecting a 95% prediction interval of (59.66 MME - 56,137.06 MME).

In the third sensitivity analysis, assuming smoking was the only route
of administration for all individuals reporting smoking and other
methods, estimated average MME was moderately lower than the main
analysis at 7739.18 MME (130.07 MME - 38,105.49 MME) reflecting
lower average bioavailability [Supplemental Figure 3].

In a fourth sensitivity analysis incorporating a ‘noisy inverse corre-
lation’ to simulate imperfect titration behavior (see supplement for
methods description and Supplemental Figure 1 for visualization), the
estimated average consumption was 7408.10 MME, with a 95% pre-
diction interval of 316.41 MME to 27,814.71 MME [Supplemental
Figure 2].

Finally, in a fifth ‘maximally conservative’ sensitivity analysis
combining the assumptions of both Sensitivity Analysis 1 and 3 (see
supplement for methods), the estimated average MME was the lowest of
our models, yet remained high at 5125.14 MME (465.36 MME -
14,619.50 MME) [Supplemental Figure 2].
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Fig. 1. Model Parameters: Fentanyl Consumption, Percent Concentration (Purity), Bioavailability and MME Equivalence. Model parameters are shown via histo-
grams. Each panel represents all 1,000,000 draws from the underlying model. For each parameter, a solid line shows the distribution mean, and dotted lines show the
95% prediction interval (2.5th and 97.5th percentiles). Top Left: The distribution of self-reported grams of illicit fentanyl consumed per day among regular con-
sumers participating in drug checking services in Los Angeles. Top Right: Percent concentration (purity) of expected fentanyl samples provided by clients at drug
checking services in Los Angeles. Bottom Left: The estimated bioavailability of participants corresponding to their reported routes of administration (e.g. oral
ingestion, smoking, snorting, injecting). Bottom Right: the distribution of MME equivalence factors estimated from literature.
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Estimated MME Consumed Daily

Mean = 8,888, 95% Pl = [157 - 41,761]

[ ] ]
[ ] [ ]
[’
3 - ] ]
o
(a] u ]
%5 -
v [ ] ]
i u ]
] ]
- : ; — — ! . !
0 10000 20000 30000 40000 50000 60000 70000
Daily MME

Fig. 2. Estimated Daily Fentanyl Consumption in MME. The distribution of the 2,000,000 draws of the model output (estimated daily fentanyl consumption in MME)
is shown as a histogram. A vertical solid line shows the distribution mean while dotted lines show the 95% prediction interval (2.5th and 97.5th percentiles).

4. Discussion

Using drug samples from the real-world illicit drug supply in the Los
Angeles area, we found that one gram of a raw product understood to be
“fentanyl” in fact contained a range of <1 mg to almost 650 mg of
fentanyl. Survey data from people who report recent, regular fentanyl
use, report using about 1 g of raw product use per day on average,
consistent with previous estimates (Ciccarone et al., 2024). Combining
these parameters, we estimate that a typical consumer of illicit fentanyl
uses the equivalent of almost 9000 milligrams of oral morphine daily, an
extraordinary amount when considered in light of treatment guidelines
that discourage doses in excess of 90 milligrams daily for the treatment
of chronic pain (Dowell et al., 2016).

It is generally recognized that as a result of tolerance, opioids have
no set upper dose threshold, and that usage quantities can escalate
rapidly among individuals with OUD who have ample access to opioids.
It has also been previously described that the illicit market shift from
heroin to illicit fentanyl drastically increased the potency of illicit opioid
products, a key factor in skyrocketing rates of overdose and mortality
(Ciccarone, 2017; Friedman and Shover, 2023). To our knowledge, this
analysis represents the first effort to quantify these phenomena in esti-
mated MME consumed per day among individuals consuming illicit
opioids in the fentanyl era.

The advent of community-based drug checking techniques provides a
powerful opportunity to open the ‘black box’ of illicit drug products, and
quantify drug contents with accuracy and precision (Bailey et al., 2023;
Delaney et al., 2023). We find that the typical product sold in Los
Angeles as fentanyl, and expected to be illicit fentanyl, is about 12.5%
pure. One gram of this product, sold for approximately $100 USD in Los
Angeles, would contain about 125 mg of active fentanyl, roughly
100-fold higher than a typical daily amount used for IV analgesia in an
opioid-naive adult. However, purity of illicit fentanyl samples in Los
Angeles is also highly variable, ranging from 0.1% to almost 65% among
quantified samples. A gram of illicit fentanyl could therefore contain
from less than 180 MME to almost 120,000 MME. Assumptions about
bioavailability, MME conversion factors, and the correlation between
parameters, do influence the overall estimated dosage. However, under
all plausible scenarios, individuals consuming illicit fentanyl in Los
Angeles on average appear to be consuming MME ranges many orders of
magnitude above clinical dosing regimens.

This high—and highly variable—potency illustrates the impact of
illicit fentanyl on the risk environment for people with OUD. The
extraordinarily elevated overdose risk in the fentanyl era can be un-
derstood, in part, as a logical consequence of extreme variations in pu-
rity, wherein a gram of street product can vary wildly in its overall
opioid content.

Our findings illustrate how insights gleaned from drug checking data

can have potential implications for clinical practice—in particular,
withdrawal management and stabilization of patients initiating MOUD.
High average MME content of illicit fentanyl samples is reflected in the
extremely elevated tolerance noted among people using illicit opioids.
Many individuals report difficulty returning to heroin use after initiating
illicit fentanyl use (Friedman et al., 2022a). Similarly, MOUD dosing
requirements have also increased sharply in the fentanyl era
(Bolshakova et al., 2024; Shearer et al., 2022; Tsui et al., 2025). Of note,
these results do not imply that individuals stabilized on methadone
require doses that fully equal the MME of the illicit fentanyl that they
had been consuming; due to cross-tolerance when switching opioids, as
well as differences between the steady-state induced by methadone and
the pulsatile plasma concentrations induced by illicit fentanyl use, suf-
ficient methadone doses may only represent a much smaller fraction of
MME. Nonetheless, quantifying the MME of illicit fentanyl consumed by
patients may be predictive of the ultimate dose of methadone needed.

Methadone and buprenorphine are the best evidence-based treat-
ments for OUD, and their use is associated with marked reductions in
mortality rates (Santo et al., 2021). Nevertheless, a large and growing
body of evidence suggests that MOUD initiation has become more
difficult in the fentanyl era, with uptake of MOUD and engagement in
treatment among people with OUD remaining low in the United States
(Jones et al., 2023). Our results suggest that a major reason for this may
be the relatively lower MME provided by typical methadone doses
compared to typical illicit fentanyl consumption patterns. For instance,
typical starting doses of methadone for OUD, ranging from 20 to 40 mg
daily, are approximately equivalent to 94-188 MME daily. Even a
high-end dose of 180 mg of methadone daily would be equivalent to 846
MME, representing only a small fraction of the estimated almost 9000
MME consumed daily by a typical participant in our sample. Methadone
doses in this range are unusual, in part because of concerns about
dose-dependent QT prolongation.

Although it is generally not necessary or clinically appropriate to
fully replace illicit opioid dosing during MOUD initiation, the provision
of higher induction and maintenance doses of methadone, equivalent to
a larger fraction of MME consumed via illicit fentanyl ingestion, may be
warranted among patients using illicit fentanyl. Alternatively, aug-
menting methadone with other agents, such as slow-release oral
morphine, may have similar benefits without the QT prolongation risk
(Klimas et al., 2019). This may also help explain improved outcomes
seen by some providers when initiating buprenorphine with higher
doses, i.e. ‘macrodosing’ (Tsui et al., 2025), although the unique phar-
macological properties of buprenorphine make a direct MME compari-
son more difficult. Through a nuanced understanding of their patients’
illicit fentanyl consumption patterns, and local drug checking results,
physicians prescribing MOUD initiation may be able to better tailor
dosing to improve patient comfort and improve retention in treatment.
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4.1. Limitations

The illicit fentanyl risk environment in Los Angeles is similar to many
other locations on the West Coast—characterized by a later arrival of
illicit fentanyl compared to most of the country (Shover et al., 2020), a
delayed albeit large-magnitude increase in overdose deaths after the
advent of illicit fentanyls (Friedman and Shover, 2023), a more recent
arrival of xylazine as a co-adulterant (Friedman et al., 2022b, 2025), and
a predominance of smoking over injection use (Ciccarone et al., 2024;
Eger et al., 2024). Although the illicit drug market in LA is broadly
reflective of trends in the West Coast, the data leveraged here may have
certain biases. Information collected from community-based drug
checking programs is subject to convenience sampling and may not be
representative of the illicit drug supply in Los Angeles as a whole. The
purity of fentanyl likely varies by geography. Consumption patterns may
be higher among drug checking participants compared to other people
who use opioids, as this likely represents a population with high-volume
illicit fentanyl intake. Additionally, we only included fentanyl potency
from two fentanyl analogs (fentanyl and fluorofentanyl), which
composed the vast majority of our sample, and which were assumed to
be equipotent. Literature suggests that this is a generally reasonable
assumption (Canfield et al., 2025), however it may have had a small
effect on the study results. For simplicity we did not include a small
number of other fentanyl analogs contained in our samples (e.g. 14
quantified carfentanil samples, mostly at very low concentrations)
(Shover et al., 2025b). This may have slightly underestimated the true
overall potency of illicit fentanyl samples in our study population.

We used literature sources to describe a range of plausible values for
bioavailability and MME conversion factors. These factors considerably
affect study results and yet limited high-quality data are available to
guide their selection. Where possible, we used conservative estimates for
these parameters.

Sensitivity analyses highlight that, like most simulation or boot-
strapping exercises, our results do change when parameter assumptions
are modified. Nevertheless, under all plausible parameter scenarios, the
estimated MME of fentanyl consumed by this population remains
extremely high. However, refining parameter assumptions will be an
important area of future work.

When comparing these estimates to the clinical guideline of 90 MME
daily, it is notable that the lower bounds of the 95% prediction intervals
vary significantly depending on model assumptions. In the scenario
assuming no correlation between quantity and purity (Sensitivity
Analysis 2), the 95% prediction interval encompasses the 90 MME
clinical threshold. In contrast, models incorporating an inverse corre-
lation between quantity and purity produce lower bounds that consis-
tently remain above this guideline. This nuance highlights that while the
average estimated consumption is staggering, the extreme variability of
the illicit supply means that a subset of consumers may be exposed to
daily MME totals much closer to clinical maximums, and clinicians
should not assume that all individuals that use fentanyl have tolerance
levels that are extremely elevated.

One very impactful decision relates to the degree of correlation be-
tween fentanyl quantity and purity consumed. In the supplement we
present sensitivity analyses, assuming various scenarios. The most
extreme include: 1) strong inverse correlation between these parameters
(i.e. people using stronger product use less), and 2) no correlation. Given
the lack of quality data to differentiate between how correct these sce-
narios are, we prefer to include both in the final model, combining the
distributions to generate final estimates. This approach recognizes that
uncertainty from both of these scenarios is worth including in the model,
and the true degree of correlation is likely somewhere between these
two. Although we suspect the no correlation scenario is likely more
accurate, we prefer to present the more conservative hybrid approach in
the main text. The lack of a large sample of linked purity and quantity
values represents an important limitation of this study. Larger samples
may be able to directly measure this correlation in future studies.
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Additionally, more data about how these quantities vary by participant
characteristics, e.g. race/ethnicity, gender, etc. represent important
areas of future study. Bioavailability parameters are also consequential
for the results. However, given the overall extreme magnitude of esti-
mated MME in our results, these assumptions are unlikely to change the
main study conclusions. Further research is needed to better charac-
terize the bioavailability and other pharmacodynamic and pharmaco-
kinetic properties of illicit fentanyl vaporized or smoked via different
methods (e.g., pipe, foil, dabbing equipment) via updated laboratory
methods. More data is also needed to characterize fentanyl usage pat-
terns throughout the day, e.g. frequency of dosing, and how this affects
total MME consumed, tolerance, and MOUD initiation. Additionally, the
role of underlying disease processes (e.g., COPD, asthma, pulmonary
hypertension) on illicit fentanyl dosing and absorption deserves
consideration.

5. Conclusions

We provide the first effort, to our knowledge, to quantify the MME
consumed by people who regularly use illicit fentanyl. We find that the
average consumption of almost 9000 MME is vastly higher than clinical
guidelines (which often recommend limiting opioid use to 90 MME) or
typical methadone doses. This may explain highly elevated overdose
mortality rates in the fentanyl era, as well as increased difficulty of
MOUD initiation. Further research is needed to assess the degree to
which these findings generalize beyond this high acuity population in
Los Angeles.
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