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ABSTRACT

Background and Aims Research shows that essential/precursor chemical controls have had substantial impacts on US
methamphetamine and heroin availability. This study examines whether US federal essential chemical regulations have
impacted US cocaine seizure amount, price and purity—indicators of cocaine availability. Design Autoregressive inte-
grated moving average (ARIMA)-intervention time–series analysis was used to assess the impacts of four US regulations
targeting cocaine manufacturing chemicals: potassium permanganate/selected solvents, implemented October 1989
sulfuric acid/hydrochloric acid, implemented October 1992; methyl isobutyl ketone, implemented May 1995; and sodium
permanganate, implemented December 2006. Of these chemicals, potassium permanganate and sodium permanganate
are the most critical to cocaine production. Setting Conterminous United States (January 1987—April 2011).

Measurements Monthly time–series: purity-adjusted cocaine seizure amount (in gross weight seizures < 6000 grams),
purity-adjusted price (all available seizures), and purity (all available seizures). Data source: System to Retrieve Information
from Drug Evidence. Findings The 1989 potassium permanganate/solvents regulation was associated with a seizure
amount decrease (change in series level) of 28% (P< 0.05), a 36% increase in price (P< 0.05) and a 4% decrease in pu-
rity (P< 0.05). Availability recovered in 1–2 years. The 2006 potassium permanganate regulation was associated with a
22% seizure amount decrease (P < 0.05), 100% price increase (P < 0.05) and 35% purity decrease (P < 0.05).
Following the 2006 regulation, essentially no recovery occurred to April 2011. The other two chemical
regulations were associated with statistically significant but lesser declines in indicated availability. Conclusions In
the United States, essential chemical controls from 1989 to 2006 were associated with pronounced downturns in
cocaine availability.
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INTRODUCTION

Since the 1980s, the United Nations has encouraged
nations to control commercial chemicals used in metham-
phetamine, heroin and cocainemanufacture, with the goal
of limiting the drugs’ availability [1–3] and thus their
attendant consequences. Research on the policy’s impact,
however, has begun relatively recently. The first study
assessing its impact on methamphetamine was published

in 2003 [4]; that for heroin in 2013 [5]. We know of no
study evaluating the policy’s impact on cocaine.

Commercial chemical control constitutes a form of en-
vironmental drug prevention—rather than targeting indi-
vidual drug users, traffickers or producers, it seeks to alter
the environment in which they function [5–10]. Here we
evaluate a natural experiment in such control/prevention
for cocaine: whether US cocaine availability was im-
pacted by US federal regulation of cocaine manufacturing
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chemicals, including the oxidizing agents potassium
permanganate and sodium permanganate—cocaine’s so-
called ‘choke chemicals’ (i.e. central to and difficult to
replace in the cocaine production process [11–14]), of
which the United States is a leading producer [15–17].

US cocaine chemical regulations

To date, four US regulations have targeted cocaine
manufacturing chemicals. The first, implemented 30 Octo-
ber 1989, regulated potassium permanganate and the
solvents methyl ethyl ketone (MEK), toluene, ethyl ether
and acetone [18]. The second, implemented 22 October
1992, regulated sulfuric acid and hydrochloric acid [19].
The third, implemented 19 May 1995, regulated methyl
isobutyl ketone (MIBK), a solvent whose use in cocaine
manufacturing increased following the 1989 regulation
[20]. The fourth, implemented 18 December 2006,
targeted sodium permanganate, a direct potassium per-
manganate substitute [21].

Of these chemicals, potassium permanganate and so-
dium permanganate, being choke chemicals, may be most
critical to realizing impacts on cocaine availability [11–14].
Potassium permanganate’s regulation in the United States
is of particular interest, as the world’s largest potassium
permanganate producer is a US company [15–17]. Sodium
permanganate manufacture was relatively limited in the
1980s/90s. However, around the early 2000s, the afore-
mentioned company increased its annual manufacture of
sodium permanganate by several-fold, perhaps with the
eventual goal of phasing out potassium permanganate
production in favor of sodium permanganate [17,21]. At
that time, sodium permanganate was unregulated and
untracked in the United States [17] and, according to
Echeverry at the Universidad de Los Andes, Bogotá, a
‘crucial input’ to cocaine production [22]. (The US Inter-
national Trade Commission, prompted by the Drug
Enforcement Administration [DEA], assigned sodium per-
manganate a tracking code in 2005 [17]; see Supporting
information, Table S1 for potassium permanganate com-
mercial uses.)

All the targeted chemicals, as per their regulation, were
classified as List II chemicals (ones that, in addition to legit-
imate uses, are used in controlled substance manufacture
in violation of the Controlled Substances Act [23]). Thresh-
olds were set for each to specify regulated transactions. For
example, the sodium permanganate regulation established
transactions ≥ 55kg and ≥ 500kg, respectively, as that
chemical’s thresholds for regulated domestic and interna-
tional transactions [21]. Chemical distributors were re-
quired to register with the DEA and keep records on
regulated transactions. Should a chemical distributor place
public health and safety at risk, the DEAwas empowered to
revoke its license [18,21,23,24].

Cocaine manufacture

Cocaine, produced primarily in Bolivia, Colombia and Peru
[25], has no single manufacturing method [26,27]. That
said, the following illustrates uses of the US-targeted
chemicals. Sulfuric acid is often used to dissolve coca paste
(a chunky, off-white to light brown, putty-like substance).
Potassium permanganate (a dry product) combined with
water or sodium permanganate (a liquid product) can be
mixed with the dissolved coca paste to help produce co-
caine base. Ethyl ether, methyl ethyl ketone (MEK), methyl
isobutyl ketone (MIBK) or toluene can be used to dissolve
the cocaine base. In turn, the dissolved cocaine base can
be mixed with hydrochloric acid dissolved in acetone; from
this, cocaine hydrochloride (the powder form of the drug
distributed to users) eventually precipitates [12,26,28]
(NB: cocaine essential chemicals are sometimes called
precursor chemicals. Essential chemicals, however, are re-
agents and catalysts that do not become part of a final
product’s molecular structure. In contrast, precursor
chemicals, for example, ephedrine and pseudoephedrine
in methamphetamine manufacture, become part of the fi-
nal product’s molecular structure [29–31]).

Cocaine chemical control: related findings

Operation Purple, an international chemical monitoring
program, and one supported by Bolivia, Colombia and
Peru, began in 1999 [11,32,33]. Its concept is that coun-
tries exporting potassium permanganate notify importing
countries of all proposed transactions involving 100+kg
of the chemical. The importing country verifies legitimate
end-use prior to shipment, and authorized shipments are
then tracked from origin to final end-use [11]. Operation
Purple reportedly had initial success which diminished by
2002 [32].

Controls on acetic anhydride, a heroin production
choke chemical, were associated with a substantial impact
on US heroin availability [5]. Ephedrine/pseudoephedrine
controls were associated with impacts on methamphe-
tamine availability and the drug’s consequences, including
arrests, hospitalizations and treatment demand [4,34–42].

Indicators of illicit drug availability

An illicit drug’s availability can manifest in the physical
amount of the drug in an area, its quality and its
affordability. In theory, and other things being equal,
when a drug’s physical amount (physical availability)
increases/decreases, the amount seized by the govern-
ment should follow suit, rendering drug seizure amount
a positive correlate of availability [5]. When traffickers re-
duce a drug’s purity by adding diluents/adulterants (drug
cutting), its quality (qualitative availability) declines, ren-
dering purity a positive correlate of availability [5]. When
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prices rise, affordability (economic availability) of a drug
decreases, rendering price a negative correlate of availabil-
ity [5,43,44].

Indicator impact patterns

Impacts on availability due to essential/precursor chemical
control ought to differ from those due to domestic criminal
justice interdiction. Chemical control impacts should be
associated with declines in drug production, and thus
decreases in seizure amount and purity and a rise in
price. A seizure amount decrease is the opposite of what
would be expected to follow from an increase in domestic
criminal justice interdiction (at least in the short term).
Expected directions of seizure amount, purity and price
changes (SAPP patterns) associated with drug produc-
tion versus domestic criminal justice interdiction are
shown in Table 1 [5].

Study approach

This study uses autoregressive integrated moving
average (ARIMA)-intervention time–series analysis
to examine whether the US regulations impacted
cocaine availability—cocaine seizure amount, purity
and price—in the conterminous US (all 48 contiguous
states and the District of Columbia).

Drug availability in drug portal areas can differ from
that in other areas [45]. Consequently, drug availability
series are also presented for the southeast US (AL, AR,
FL, GA, LA, MS, NC, SC and TN) and southwest US (AZ,
CA, CO, NM, NV, TX and UT) (Supporting information,
Fig. S1), as cocaine enters the US in large part through
these two areas/portals [45]. Comparison series are also
presented: marijuana, heroin and methamphetamine sei-
zure amounts and prices; and heroin and methamphet-
amine purities.

METHODS

System To Retrieve Information from Drug Evidence
(STRIDE)

Data came from STRIDE, an administrative system/repository
for data on drug evidence seized/collected/purchased
during investigations by the DEA, the Federal Bureau
of Investigation, other federal organizations and some
state and local enforcement agencies. This study ana-
lyzes exhibits submitted by federal agencies (the terms
exhibits and seizures are used interchangeably here).
STRIDE exhibit information includes drug type, date,
location, amount, purity and price.

Cocaine purity was assessed using median purity of
exhibits per month. Price was purity adjusted (e.g. a 25%
pure 2-g grossweight seizure that cost US$200would have
a purity-adjusted price of US$400 per gram), set to 2010
US dollars using the Consumer Price Index for all urban
consumers (seasonally adjusted), and reported as the
median purity-adjusted price of seizures per month [46].
Seizure amount was assessed using the monthly amount
(weight) of cocaine seized sans diluents/adulterants
(purity-adjusted seizure amount) [5]. Conterminous US
purity, price and amounts were reported for all and
gross weight < 10g exhibits; amounts were also reported
for gross weight exhibits < 100g and < 6000g.

ARIMA-intervention analysis

ARIMAmodels facilitate appropriate handling of drift, trends
(including local trends), outliers, seasonality and serially
correlated errors in a series [47–49]. During January
1987–April 2011 there were 292 monthly periods, a rela-
tively long series. Recognizing this, the period January
1987–December 2000 (168months) was used for the
ARIMA-intervention analysis of the 1980s/90s regulations.
The period January2000–April 2011 (136months)wasused
for the ARIMA-intervention analysis of the 2006 regulation.

Regarding impact start-times, each US cocaine essen-
tial chemical regulation was implemented in the latter half
of a calendar month. This places the 30-day period (actual
month) following each regulation implementation across
two adjacent calendar months. If an impact was not indi-
cated by the ARIMA-intervention analysis for the first
calendar month, the subsequent calendar month was
examined as the start month. If no impact was indicated
for either, an approximate 1-month lag was examined
using the next calendar month. This approach follows
previous essential/precursor chemical control evaluations
[4,5,34–39,41].

The series were non-stationary, and consequently first-
order differenced for modeling [50]. Seizure amount series
were log-transformed to address temporal changes in vari-
ance [50]. The autocorrelation and partial autocorrelation

Table 1 Drug seizure amounta, purity and price (SAPP) patterns
typically expected to follow increases/decreases in drug production
and domestic criminal justice interdiction.

Seizure
amount Purity Price

Increase in
Drug production ↑ ↑ ↓
Domestic criminal justice interdiction ↑ ↓ ↑

Decrease in
Drug production ↓ ↓ ↑
Domestic criminal justice interdiction ↓ ↑ ↓

aPurity-adjusted seizure amount (i.e. seizure amount sans diluents and
adulterants). ↑ = increase. ↓ = decrease. A drug production or domestic
criminal justice intervention sometimes impacts only a subset of the three
indicators listed. In that case, the subset impacted can be expected to change
as described in the Table.
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functions of the complete differenced series were used to
identify the ARIMA models [50]. An iterative outlier
detection and adjustment procedure was used to obtain
joint estimates of model parameters and outlier effects
[51,52]. For each model, Box–Ljung Q-tests did not reject
the hypothesis that the first 24 autocorrelations were
jointly zero. Analyses were performed with the SCA Statis-
tical System [53].

RESULTS

Conterminous US: seizure amount time–series description

The series of conterminous US purity-adjusted cocaine
amounts from all seizures is shown in Fig. 1. Amounts
in this series might have declined at the time of the
2006 sodium permanganate regulation, and perhaps at
the times of the 1989 potassium permanganate/solvents
regulation and 1992 acids regulation (Fig. 1). The

series, however, has substantial fluctuation, limiting its
usefulness/interpretability.

The series of purity-adjusted cocaine amounts in gross
weight seizures< 6000g (second graph in Fig. 1) has sub-
stantially less fluctuation, but still includes most (94.3%) of
the seizures. It exhibits a decrease at the time of the 1989
potassium permanganate/solvents regulation. Recovery
occurred in 1–2 years. Amounts dropped sharply at the
time of the 1992 acids regulation, and remained lower
until the late 1990s. Amounts changed little at the time
of the 1995 MIBK regulation. They dropped at the time
of the 2006 sodium permanganate regulation, and
remained lower to the series end (April 2011).

The < 10-g series (an approximate retail level series
containing 35.1% of the seizures) exhibited changes at
the times of the interventions roughly similar to that of
the < 6000-g series, except that it also indicated a decline
at the time of the 1995 MIBK regulation (Fig. 1). (For
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Figure 1 US cocaine essential chemical regulations: conterminous US monthly totals of pure cocainea in all seizures, seizures with gross
weight < 6000 g, and seizures with gross weight < 10 g (January 1987–April 2011). aPurity-adjusted seizure amount
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exhibit ns used to construct this study’s series, see
Supporting information, Table S2.)

Conterminous US: price time–series description

Conterminous US median cocaine price increased sharply
around the time of the 1989 regulation, but recovered by
1991 (Fig. 2). Price increased just before and again after
the 1992 regulation. Median price increased at the time
of the 1995 regulation, but recovered by 1998. Price rose
at the time of the 2006 regulation and remained elevated
to the series end.

Conterminous US: purity time–series description

Conterminous US median cocaine purity dropped at the
time of the 1989 regulation, but generally recovered in
1–2 years (Fig. 3). Little change in purity occurred at the
times of the 1992 and 1995 regulations. Following the
2006 regulation, purity declined to and remained at the
study period’s lowest levels (NB: while not the analytical fo-
cus here, in 1999, Operation Purple’s start year, an approx-
imate 3-year elevation in price and decrease in purity
began; Figs 2, 3).

Descriptive overview

Taking the conterminous US seizure amount, price and pu-
rity series collectively, the major downturns in US cocaine
availability during the study period occurred at the times
of essential chemical controls (Figs 1–3). The largest was

at the time of the 2006 regulation, followed by the 1989
regulation.

ARIMA-intervention modeling

The general initial ARIMA-intervention analysis model for
the first three regulations was:

1� Bð ÞYt ¼ Cþ ω1

1� δ1B

� �
1� Bð ÞI1t

þ ω2

1� δ2B

� �
1� Bð ÞI2t

þ ω3

1� δ3B

� �
1� Bð ÞI3t

þ 1� θ1Bð Þ 1� θ12B12
� �

at

where B is the backshift operator such that BYt=Yt� 1;
C is a constant term which represents the overall
trend of the series (with adjustments for intervention
effects); ats are independently normally distributed
random errors; ω1, ω2 and ω3 represent the effects of
the 1989 potassium permanganate/solvents, 1992 acids
and 1995 MIBK interventions, respectively; δi represents
the impact dampening rate of an intervention effect; θ1
is a non-seasonal moving average parameter; θ12 is a
seasonal moving average parameter. Consistent with
other chemical control analyses [4,5,34,36–40], I1t,
I2t and I3t are step functions for the 1989, 1992 and
1995 interventions, respectively (as such, ω represents a
series level change)—(analysis period: January 1987–
December 2000). In the final models, estimates for
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Figure 2 US cocaine essential chemical regulations: conterminous USmonthlymedian cocaine purity-adjusted pricea for all seizures and for seizures
with gross weight < 10 g (January 1987–April 2011). aAdjusted to 2010 US dollars
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C and θ12 were retained if statistically significant. An
estimate for δ was retained if it and its respective esti-
mate for ω were statistically significant [50]. A non-
seasonal autoregressive parameter, ϕ1, and a seasonal
autoregressive parameter, ϕ12, were considered if war-
ranted by model diagnostics.

The initial model for the 2006 sodium permanganate
regulation was:

1� Bð ÞYt ¼ Cþ ω1

1� δ1B

� �
1� Bð ÞI1t

þ 1� θ1Bð Þ 1� θ12B12
� �

at

defined as earlier, except thatω1 represents the effect of the
2006 intervention; and I1t is a step function for that inter-
vention (analysis period: January 2000–April 2011).

The formula ω/(1� δ) was used to assess the impact
size of statistically significant series level shifts. δ ranges
from 0 to 1; the closer to 1, the more slowly (gradually)
the impact is realized. When δ was not found to be statisti-
cally significant (but its respective ω was), δ was set to 0
(an abrupt impact) during re-estimation.

The conterminous US seizure amount series for exhibits
< 6000g, and the median purity-adjusted price and me-
dian purity series for all available exhibits are modeled.
Each model’s pre-intervention period for a regulation is
the time from the series’ beginning to the regulation’s start;
the post-intervention period is the time from the regula-
tion’s start to the series’ end.

Conterminous US purity-adjusted seizure amount had
significant abrupt declines at the times of the 1989,
1992 and 2006 regulations (Table 2). Regarding price,
gradual significant increases began at the times of the
1989 and 2006 regulations; an abrupt increase occurred
at the time of the 1995 regulation. Regarding purity, an
abrupt decline occurred at the time of the 1989 regulation;
a gradual decline began at the time of the 2006 regulation.

The percentage change from pre-regulation series
level to post-regulation series level is shown for statisti-
cally significant impacts in Table 2. All four regulations
were associated with a substantial percentage change
(≥25%) in one or more of the three availability indicator
series. The largest impacts occurred in association with
the 1989 and 2006 regulations; both were associated
with pronounced impacts on seizure amount and
price; the 2006 regulation was also associated with a
large impact on purity. The percentage change compu-
tation method is presented in Supporting information,
Table S3.

As supplementary material, results from ARIMA-
intervention analyses of the conterminous US retail
series (<10 g) are presented in Supporting information,
Table S4.

Southeast US and southwest US

At the times of the regulations, the southeast US and
the southwest US experienced changes in cocaine
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Figure 3 US cocaine essential chemical regulations: conterminous US monthly median cocaine purity for all seizures and for seizures with gross
weight < 10 g (January 1987–April 2011)
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availability indicators that roughly approximated those
for the conterminous US (Fig. 4). (A mid-wholesale
level, < 100g—a market level above retail but below
that of upper wholesale—was used for the southeast
and southwest US seizure amount series because exten-
sive fluctuation occurs in the upper wholesale range.)

Southeast and southwest US ARIMA-intervention models
are shown in Supporting information, Tables S5–S6.

Comparison series

Seizure amount and price for marijuana, a drug
not targeted by chemical controls, changed little at the
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Figure 4 US cocaine essential chemical regulations: monthly totals of pure cocaine seizeda, monthly median cocaine purity-adjusted priceb,
and monthly median purity in the southeast US and southwest US (January 1987–April 2011). Cocaine purity-adjusted price in the US south-
west is generally lower than that in the conterminous US and the southeast US (cf. [45]). aPurity-adjusted seizure amount in gross weight
exhibits < 100 g. bAdjusted to 2010 US dollars
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times of the cocaine regulations (Figs 5, 6). Cocaine,
heroin and methamphetamine were all targeted by
essential/precursor chemical controls in late 1989; their
availability dropped simultaneously (Figs 5–7). Later,
when cocaine and methamphetamine were targeted by
temporally distinct chemical controls, their availability
dropped at those distinct times. During the study
period, the largest downturns in methamphetamine and
heroin availability occurred at the times of their
essential/precursor controls [5,38,39,41]. (The seizure
amount series in Fig. 5 were constructed using approxi-
mate mid-wholesale levels.)

DISCUSSION

All four US cocaine essential chemical regulations
were associated with downturns in conterminous US
cocaine availability, the most pronounced of which oc-
curred in association with the 2006 sodium perman-
ganate regulation: cocaine seizure amount dropped

22%, price rose 100% and purity dropped 35%. The
2006 impacts continued to the study period end
(April 2011). Research is now needed to determine
how long reduced availability will continue.

The 1989 potassium permanganate/solvents regula-
tion was associated with the second most pronounced
downturn in conterminous US cocaine availability: co-
caine seizure amount dropped 28%, price rose 36% and
purity dropped 4%. Recovery following the regulation
occurred within 2 years.

In association with the 1995 MIBK regulation, price in
the conterminous US rose 25%. It recovered in approxi-
mately 3 years. At the time of the 1992 acids regulation,
no impacts on price or purity were found; seizure amount
dropped 29% and recovered 6–7 years later.

Seizure amount, purity and price (SAPP) patterns

Impacts found here (seizure amounts and purity de-
clined and price rose) were consistent with SAPP
patterns (Table 1) expected to follow drug production
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interventions such as chemical controls [5], and incon-
sistent with those expected from US domestic law en-
forcement interdiction.

Comparison series

The marijuana seizure amount and price series changed
little at the times of the cocaine chemical regulations,
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Figure 5 Essential/precursor chemical controls and monthly totals of cocainea, marijuanab, heroina and methamphetaminea seized in the contermi-
nous US (January 1987–April 2011). Cocaine chemical regulations are listed in the cocaine andmarijuana graphs; heroin chemical regulations are listed
in the heroin graph [5]; and methamphetamine controls are listed in the methamphetamine graph [38,39,41]. Following Mexico’s controls, multiple
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place [41]. This limits comparisons of the methamphetamine series prior to Mexico’s controls with that post-Mexico’s controls. aMonthly totals of
pure cocaine, heroin and methamphetamine, respectively, in cocaine, heroin and methamphetamine exhibits with gross weight <100 g. bMonthly
totals of marijuana in exhibits with gross weight <500 g
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suggesting that neither general drug control nor system-
wide changes in STRIDE accounted for the impacts
found.When chemical controls targeted cocaine, metham-
phetamine and heroin simultaneously (October 1989),
availability of all three drugs dropped. When later targeted

at different times, cocaine and methamphetamine dropped
at those distinct times. As such, chemical controls pre-
dicted the temporal convergence and divergence of avail-
ability changes in multiple major illicit drugs, a drug
policy finding unique to date.
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Figure 6 Essential/precursor chemical controls and monthly median cocaine, marijuana, heroin and methamphetamine pricea in the conterminous
US (January 1987–April 2011). Cocaine chemical regulations are listed in the cocaine and marijuana graphs; heroin chemical regulations are listed in
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Cocaine manufacturing eff iciency

Cocaine essential chemical controls, when effective, should
reduce cocaine manufacturing efficiency (cf. [54]). After in-
creasing during 2002–06, cocainemanufacturing efficiency
(as measured by overall yield: ratio of cocaine manufactured
to coca bush cultivation) declined substantially in 2007
and remained lower to 2011 [25,55] (recall that sodium
permanganate was regulated in December 2006). Coca
cultivation seems an unlikely explanatory factor; it did
not decrease in 2007 [56]. Cocaine laboratory seizures
also seem unlikely; they changed relatively little from
2006 to 2007 [56].

Change in cocaine essential chemical exports

The DEA estimated that, in 1988, US companies supplied
55% of the potassium permanganate, MEK, toluene, ethyl

ether and acetone used in Colombian cocaine manufac-
ture. In 1990, following the chemicals’ October 1989 reg-
ulation, that estimate shifted to 15% [57]. During
2005–11, US sodium permanganate exports peaked at
1.5 million kg in 2006 (effectively the year before the
chemical’s December 2006 regulation), then decreased to
0.96 million kg by 2011 [58].

Operation Purple and the 2006 US sodium permanganate
regulation

Albeit speculative, Operation Purple’s initial impact [32]
might have been undermined temporarily by the unregu-
lated upsurge in US sodium permanganate production dur-
ing the early 2000s (Operation Purple began in 1999).
Once the US 2006 regulation was implemented, such
undermining may have been largely curtailed. If so, a
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Figure 7 Essential/precursor chemical controls andmonthlymedian cocaine, heroin andmethamphetamine purity in the conterminous US (January
1987–April 2011). Cocaine chemical regulations are listed in the cocaine graph; heroin chemical regulations are listed in the heroin graph [5]; and
methamphetamine controls are listed in the methamphetamine graph [38,39,41]. Following Mexico’s controls, multiple types of methamphetamines
(including relatively low potency types such as l-methamphetamine and racemic methamphetamine) became commonplace [41]. This limits compar-
isons of the methamphetamine series prior to Mexico’s controls with that post-Mexico’s controls
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substantial drop in US cocaine availability, as seen with the
regulation, would be expected.

Impact start times

As with previous federal chemical control studies, impacts
began relatively immediately, suggesting that producers
lacked chemical stockpiles sufficient to delay the impacts’
initiation [4,5,34,36–39].

Design considerations

This study used intervention (interrupted) time–series
analysis with replication and comparison series, a powerful
quasi-experimental design [59–61]. Quasi-experimental
designs can lend support to, but do not prove, a causal
hypothesis, however. Accordingly, it is possible that the
impacts found here could have been due to factors in
addition to or other than US essential chemical regulation.

In late 1989, US government efforts to interdict
boat/plane cocaine shipments in the Caribbean increased
[62] —a consideration here as the potassium
permanganate/solvents regulation was implemented in
October 1989. The main US portal for Caribbean
transshipped cocaine is the southeast US, particularly
Florida [45]. Authors have suggested that traffickers, in re-
sponse to the Caribbean effort, redirected cocaine ship-
ments through Mexico, a land route to the southwest US
[62]. If correct, southeast US cocaine availability should
have declined beginning in late 1989, accompanied by
growth in southwest US cocaine availability. Instead, the
present study found that both areas experienced pro-
nounced declines in cocaine seizure amount, pronounced
rises in price and comparable recovery points—findings
consistent with essential chemical regulation, not an inter-
diction operation directed at a selected portal.

Peru initiated a force-down/shoot-down policy against
drug trafficker aircraft in March 1995 [54,63], 2months
before the May 1995MIBK regulation. Granting the possi-
bility that the policy had a lag before realizing an effect, it
may have contributed to the cocaine price rise that oc-
curred at the time of the MIBK regulation.

We knowof no other law enforcement events which be-
gan approximately at the times of the US cocaine chemical
regulations. The regulations were not coordinated with
non-chemical-control drug activities/policies [18–21].

STRIDE’s use in research has been questioned because
it is an administrative system, lacks probabilistic sampling
and involves black market acquisitions [64]. Such caveats,
while important to note, do not establish the absence of
construct validity (i.e. the absence of STRIDE’s ability to
reasonably represent drug prevalence/availability change)
[41]. Instead, construct validity is assessed most effectively
via pattern matching; that is, by examining whether a
measure’s patterns match what would be expected if it

reflected a construct [60]. A growing literature indicates
that various STRIDE measures have had construct validity
regarding drug prevalence/availability; in particular, sei-
zure amounts, prices and purities have changed/varied as
predicted by multiple drug hypotheses [5,41].

Next steps

Research is needed on whether cocaine availability
changed outside the United States, and whether cocaine
use and consequences were impacted (NB: kilograms of
cocaine seized in Europe rose during 2002–06 (47052,
91895, 71709, 106063 and 120567, respectively), then
dropped during 2007–09 (76858, 54316 and 49100,
respectively) [65,66] (sodium permanganate regulation:
December 2006). Cocaine users and use in Milan declined
during 2007–10 [67]. US cocaine users and treatment
admissions declined during 2007–11 [68,69]—see
Supporting information, Figs S2 and S3. Cocaine/heroin-
related arrests dropped sharply in California at the time of
the 1989 regulation [34]. A cost–benefit analysis of the
US regulations would be informative.

Cocaine essential chemical control issues

In Colombia, there have been attempts to manufacture
potassium permanganate illicitly [70,71]. In Peru, some
producers may be using ethanol as a potassium permanga-
nate substitute [27]. Chemical diversion from domestic
sources in Colombia, Peru and Bolivia and alternative
source nations continues [14,72]. Multiple Chinese
companies produce potassium permanganate; taken col-
lectively, their production has surpassed US production
[17]. China has chemical regulations and participates in
Operation Purple, but reportedly lacks infrastructure to
adequately monitor its chemical production/trade [32,72].

CONCLUSION

Essential chemical control was associated with the primary
downturns in US cocaine availability during the past
quarter-century. This finding—consistent with chemical
control research on methamphetamine and heroin—
renders essential/precursor chemical control the first
policy with such a demonstrated breadth of impact
across major illicit drugs.

Acknowledgements

We thank Margaret Thielemeir for insightful comments on
the manuscript. We also thank the DEA for providing
STRIDE data. The DEA requests the following statement:
‘When STRIDE data sets are provided to an external ana-
lyst, they are viewed by the DEA as “unvalidated DEA
data”’. The authors are solely responsible for the analyses
and conclusions presented here.

Cocaine chemical regulations 817

© 2015 The Authors. Addiction published by John Wiley & Sons Ltd on behalf of Society for the Study of Addiction. Addiction, 110, 805–820



Declaration of interests

None.

References

1. Bureau for International Narcotics and Law Enforcement
Affairs. International Narcotics Control Strategy Report 2006,
Vol. 1. Drug and Chemical Control. Washington, DC: US Depart-
ment of State; 2006.

2. United Nations. United Nations Convention against Illicit Traffic
in Narcotic Drugs and Psychotropic Substances. New York:
United Nations; 1988.

3. United Nations Office on Drugs and Crime. Targeting Precursors
used in Heroin Manufacture. New York: United Nations; 2008.

4. Cunningham J. K., Liu L.-M. Impacts of federal ephedrine and
pseudoephedrine regulations on methamphetamine-related
hospital admissions. Addiction 2003; 98: 1229–37.

5. Cunningham J. K., Liu L.-M., Callaghan R. C. Essential
(‘Precursor’) chemical control for heroin: impact of acetic
anhydride regulation on US heroin availability. Drug Alcohol
Depend 2013; 133: 520–8.

6. Rhodes T. The ‘risk environment’: a framework for under-
standing and reducing drug-related harm. Int J Drug Policy
2002; 13: 85–94.

7. Rhodes T. Risk environments and drug harms: a social science
for harm reduction approach. Int J Drug Policy 2009; 20:
193–201.

8. Blankenship K. M., Friedman S. R., Dworkin S., Mantell J. E.
Structural interventions: concepts, challenges and opportuni-
ties for research. J Urban Health 2006; 83: 59–72.

9. European Monitoring Centre for Drugs and Drug Addiction
(EMCDDA). EMCDDA Insights—Prevention of Substance Abuse.
Luxembourg: Office for Official Publications of the European
Communities; 2008.

10. Frieden T. R. A framework for public health action: the health
impact pyramid. Am J Public Health 2010; 100: 590–5.

11. Bureau for International Narcotics and Law Enforcement
Affairs. International Narcotics Control Strategy Report 1999.
Chemical Controls. Washington, DC: US Department of State;
2000.

12. Drug Enforcement Administration. Records, reports, and
exports of listed chemicals. Fed Regist 1995; 60: 10814–5.

13. Inter-American Drug Abuse Control Commission (CICAD).
Chemicals Used in Illicit Drug Production. Washington, DC:
Organization of American States; 1990.

14. Bureau for International Narcotics and Law Enforcement
Affairs. International Narcotics Control Strategy Report 2013:
Chemical Controls. Washington, DC: US Department of State;
2013.

15. US International Trade Commission. Potassium Permanganate.
Washington DC: US International Trade Commission; 1985.

16. US International Trade Commission. Potassium Permanganate
from China and Spain. Washington, DC: US International
Trade Commission; 1999.

17. US International Trade Commission. Potassium Permanganate
from China.Washington, DC: US International Trade Commis-
sion; 2005.

18. Drug Enforcement Administration. Records, reports, imports,
and exports of precursor and essential chemicals, tableting
machines and encapsulating machines. Fed Regist 1989; 54:
31657–69.

19. Drug Enforcement Administration. Records, reports, and
exports of listed chemicals. Fed Regist 1992; 57: 43614–5.

20. Drug Enforcement Administration. Records, reports, and
exports of listed chemicals. Fed Regist 1995; 60: 19509–10.

21. Drug Enforcement Administration. Records, reports, and
exports of listed chemicals. Fed Regist 2006; 71: 60823–7.

22. Echeverry J. C. Colombia and theWar on Drugs, How Short is the
Short Run? Bogotá: CEDE, Universidad de Los Andes; 2004.

23. Code of Federal Regulations. Title 21, Volume 9, Chapter II.
Part 1300 Definitions: Section 1300.01 Definitions Relating
to Controlled Substances; Section 1300.02 Definitions Relat-
ing to Listed Chemicals. Part 1310 Records and Reports of
Listed Chemicals and Certain Machines: Section 1310.02
Substances Covered. Washington, DC: US Government Print-
ing Office; 2013.

24. Drug Enforcement Administration. Exemption of chemical
mixtures. Fed Regist 1998; 63: 49506–17.

25. United Nations Office on Drugs and Crime.World Drug Report
2013. New York: United Nations; 2013.

26. Casale J. F., Klein R. F. X. Illicit production of cocaine. Forensic
Sci Rev 1993; 5: 95–107.

27. Casale J. F., Boudreau D. K., Jones L. M. Tropane ethyl esters in
illicit cocaine: isolation, detection, and determination of new
manufacturing by-products from the clandestine purification
of crude cocaine base with ethanol. J Forensic Sci 2008; 53:
661–7.

28. Intelligence Division, Strategic Intelligence Section. Coca
Cultivation and Cocaine Processing: An Overview. Washington,
DC: Drug Enforcement Administration; 1993.

29. International Narcotics Control Board. Guidelines for a
Voluntary Code of Practice for the Chemical Industry. New York:
United Nations; 2009.

30. United Nations. Multilingual Dictionary of Precursors and
Chemicals Frequently Used in the Illicit Manufacture of Narcotic
Drugs and Psychotropic Substances under International Control.
New York: United Nations; 2009.

31. Sevick J. R. Precursor and Essential Chemicals in Illicit Drug Pro-
duction: Approaches to Enforcement. Washington, DC: National
Institute of Justice; 1993.

32. Bureau for International Narcotics and Law Enforcement
Affairs. International Narcotics Control Strategy Report 2002.
Chemical Controls. Washington, DC: US Department of State;
2003.

33. Inter-American Drug Abuse Control Commission (CICAD).
Colombia. Evaluation of Progress in Drug Control. Washington,
DC: Organization of American States; 2000.

34. Cunningham J. K., Liu L.-M. Impacts of federal precursor
chemical regulations onmethamphetamine arrests. Addiction
2005; 100: 479–88.

35. Callaghan R. C., Cunningham J. K., Victor J. C., Liu L.-M.
Impact of Canadian federal methamphetamine precursor
and essential chemical regulations on methamphetamine-
related acute-care hospital admissions. Drug Alcohol Depend
2009; 105: 185–93.

36. Cunningham J. K., Liu L.-M. Impact of methamphetamine
precursor chemical legislation, a suppression policy, on the
demand for drug treatment. Soc Sci Med 2008; 66: 1463–
73.

37. Cunningham J. K., Liu L.-M., Muramoto M. Methamphet-
amine suppression and route of administration: precursor
regulation impacts on snorting, smoking, swallowing and
injecting. Addiction 2008; 103: 1174–86.

38. Cunningham J. K., Liu L.-M., Callaghan R. C. Impact of
US and Canadian precursor regulation on methamphet-
amine purity in the United States. Addiction 2009; 104:
441–53.

818 J. K. Cunningham et al.

© 2015 The Authors. Addiction published by John Wiley & Sons Ltd on behalf of Society for the Study of Addiction. Addiction, 110, 805–820



39. Cunningham J. K., Bojorquez I., Campollo O., Liu L.-M.,
Maxwell J. C.Mexico’smethamphetamine precursor chemical
interventions: impacts on drug treatment admissions. Addic-
tion 2010; 105: 1973–83.

40. Cunningham J. K., Callaghan R. C., Tong D., Liu L.-M., Li
H.-Y., Lattyak W. J. Changing over-the-counter ephedrine
and pseudoephedrine products to prescription only: impacts
on methamphetamine clandestine laboratory seizures. Drug
Alcohol Depend 2012; 126: 55–64.

41. Cunningham J. K., Maxwell J. C., Campollo O., Liu L.-M.,
Lattyak W. J., Callaghan R. C. Mexico’s precursor chemical
controls: emergence of less potent types of methamphetamine
in the United States. Drug Alcohol Depend 2013; 129:
125–36.

42. McKetin R., Sutherland R., Bright D. A., Norberg M. M. A
systematic review of methamphetamine precursor regula-
tions. Addiction 2011; 106: 1911–24.

43. Babor T., Caulkins J., Edwards G., Fischer B., Foxcroft D.,
Humphreys K. et al. Drug Policy and the Public Good. Oxford:
Oxford University Press; 2010.

44. Caulkins J. P. Price and purity analysis for illicit drugs: data
and conceptual issues. Drug Alcohol Depend 2007; 90: S61-8.

45. Cunningham J. K., Maxwell J. C., Campollo O., Cunningham
K. I., Liu L.-M., Lin H.-L. Proximity to the US–Mexico border:
a key to explaining geographic variation in US methamphet-
amine, cocaine and heroin purity. Addiction 2010; 105:
1785–98.

46. Bureau of Labor Statistics. 2011. Available at: http://www.
bls.gov/data/ (Achived at: http://www.webcitation.org/
6VsdzVA8P on 26 January 2015).

47. Box G. E. P., Jenkins G. M. Time Series Analysis: Forecasting and
Control. San Francisco, CA: Holden Day; 1970.

48. Box G. E. P., Tiao G. C. Intervention analysis with applications
to economic and environmental problems. J Am Stat Assoc
1975; 70: 70–9.

49. Liu L.-M. Time Series Analysis and Forecasting, 2nd edn. Chicago,
IL: Scientific Computing Associates Corporation; 2009.

50. McCleary R., Hay R. A. Applied Time Series Analysis for the
Social Sciences. Beverly Hills, CA: Sage Publications; 1980.

51. Chen C., Liu L.-M. Joint estimation of model parameters and
outlier effects in time series. J Am Stat Assoc 1993; 88:
284–97.

52. Liu L.-M., Chen C. Recent developments of time series analysis
in intervention and environmental impact studies. J Environ
Sci Health 1991; A26: 1217–52.

53. Liu L.-M., LattyakW. J.New and Enhanced Capabilities in Release
8 of the SCA Statistical System. Chicago, IL: Scientific Comput-
ing Associates Corporation; 2007.

54. Anthony R.W., Crane B. D., Hanson S. F. Deterrence Effects and
Peru’s Force-Down/Shoot-Down Policy: Lessons Learned for
Counter-Cocaine Interdiction Operations. IDA Paper P-3472.
Alexandria, VA: Institute for Defense Analyses; 2000.

55. United Nations Office on Drugs and Crime.World Drug Report
2011. New York: United Nations; 2011.

56. United Nations Office on Drugs and Crime. Colombia Coca
Cultivation Survey for 2008. New York: United Nations;
2009.

57. Bureau of Justice Statistics. A National Report: Drugs, Crime,
and the Justice System. Washington, DC: US Department of
Justice; 1992.

58. US Census Bureau. 2013. USA Trade Online: The Official
Source for US Merchandise Trade Data. Available at: https://
usatrade.census.gov (Achived at: http://www.webcitation.
org/6Vse6sZN7 on 26 January 2015).

59. Cook T. D., Campbell D. T. Quasi-Experimentation Design &
Analysis Issues for Field Settings. Chicago, IL: Rand McNally
College Publishing Company; 1979.

60. Shadish W. R., Cook T. D., Campbell D. T. Experimental and
Quasi-experimental Designs for Generalized Causal Inference.
Boston, MA: Houghton Mifflin; 2002.

61. Wagenaar A. C., Komro K. A. Natural experiments: research
design elements for optimal causal inference without
randomization. In: Wagenaar A. C., Burris S., editors. Public
Health Law Research: Theory and Methods. San Francisco, CA:
Jossey-Bass; 2013, pp. 307–24.

62. Crane B. D., Rivolo A. R., Comfort G. C.An Empirical Examina-
tion of Counterdrug Interdiction Program Effectiveness. IDA Paper
P-3219. Alexandria, VA: Institute for Defense Analyses;
1997.

63. Layne M., Bruen A.-M., Johnson P., Rhodes W., Decker S.,
TownsendM. et al.Measuring theDeterrent Effect of Enforcement
Operations on Drug Smuggling, 1991–1999. Washington, DC:
Office of National Drug Control Policy; 2001.

64. Manski C. F., Pepper J. V., Petrie C. V. Informing America’s Policy
on Illegal Drugs: What We Don’t Know Keeps Hurting Us.
Washington, DC: National Academy Press; 2001.

65. European Monitoring Centre for Drugs and Drug Addic-
tion. Data: Statistical Bulletin. 2012. Available at: http://
www.emcdda.europa.eu/stats12#display:/stats12/szrtab10a
(Achived at: http://www.webcitation.org/6Vo6RU74V on
23 January 2015).

66. United Nations Office on Drugs and Crime.World Drug Report
2009. New York: United Nations; 2009.

67. Zuzzi S., Rossi C., Tomba G. S. Estimates of cocaine use in
Milan. Curr Drug Abuse Rev 2013; 6: 165–75.

68. Substance Abuse and Mental Health Services Adminis-
tration. Results from the 2012 National Survey on Drug
Use and Health: Summary of National Findings. NSDUH
Series H-46, HHS Publication no. (SMA) 13-4795.
Rockville, MD: Substance Abuse and Mental Health
Services Administration; 2013.

69. Center for Behavioral Health Statistics and Quality. Treatment
Episode Data Set (TEDS): 2001–2011. National Admissions to
Substance Abuse Treatment Services. BHSIS Series S-65, HHS
Publication no. (SMA) 13-4772. Rockville, MD: Substance
Abuse and Mental Health Services Administration; 2013.

70. International Narcotics Control Board. Precursors and
Chemicals Frequently Used in the Illicit Manufacture of
Narcotic Drugs and Psychotropic Substances. New York:
United Nations; 2010.

71. United Nations Office on Drugs and Crime. Colombia Coca
Cultivation Survey 2011. New York: United Nations; 2012.

72. Bureau for International Narcotics and Law Enforcement
Affairs. International Narcotics Control Strategy Report 2014.
Vol. 1. Drug and Chemical Control. Washington, DC: US Depart-
ment of State; 2014.

Supporting information

Additional supporting information may be found in the
online version of this article at the publisher’s web site:

Figure S1 The conterminous United States (US) and its
southwest US and southeast US areas.
Figure S2 Past month use of cocaine: persons aged 12 or
older in the United States (2002-2012).
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Figure S3 Annual counts of cocaine treatment admissions
in the United States (2001-2011).
Table S1 Common commercial uses of potassium
permanganate.
Table S2 Number of STRIDE seizures used to construct this
study’s series.
Table S3 Computation of percent change estimates.
Table S4 US 1989, 1992, 1995 and 2006 cocaine es-
sential chemical regulation impacts on cocaine purity-
adjusted seizure amount, purity-adjusted price and

purity in the conterminous US—seizures with gross
weight < 10 grams: model parameter estimates.
Table S5 US 1989, 1992, 1995 and 2006 cocaine
essential chemical regulation impacts on cocaine pu-
rity-adjusted seizure amount, purity-adjusted price and
purity in the southeast US: model parameter estimates.
Table S6 US 1989, 1992, 1995 and 2006 cocaine
essential chemical regulation impacts on cocaine pu-
rity-adjusted seizure amount, purity-adjusted price and
purity in the southwest US: model parameter estimates.
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