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A B S T R A C T   

Background: Assessing the size of illicit drug markets is an important activity of many government agencies; 
however, the expenditure-based method for estimating market size relies on the relatively untested assumption 
that the cash value of the most recent purchase is representative of the average purchase amount. Using panel 
data, we test the representativeness of the most recent, modal and median purchase compared to the average 
purchase amount. 
Methods: Data were drawn from a prior study that collected daily transaction-level purchase data from a sample 
of 120 people who were using heroin regularly. The same study participants completed two distinct two-week 
waves of data collection, separated by six months. T-tests and bootstrapping were used to detect differences 
within each wave between the average cash value of participant heroin purchases and the cash value of their 
most recent, modal and median heroin purchases. 
Results: In both waves, we found (a) no evidence that the expected value of the most recent purchase differs from 
the expected value of the average purchase, and (b) the expected values of the modal and median purchases are 
smaller than the expected value of the average purchase. These results imply that estimates of total market size 
based on the modal or median purchase will suffer from a significant downward bias, but that estimates based on 
the most recent purchase will be unbiased. 
Conclusions: We provide evidence in support of using the most recent (but not the modal or the median) purchase 
to estimate market size for heroin.   

1. Introduction 

Assessing the size of illegal drug markets is an important activity of 
many U.S. and foreign government agencies. Knowledge of the size and 
scale of illicit markets has been used to inform decisions regarding 
supply reduction strategies, law enforcement interventions, security 
needs, and more recently in the case of opioids, the need and availability 
of treatment resources (EMCDDA, 2019; INCSR 2020a, 2020b; USDEA, 
2018; UNODC, 2021). It is also helpful for understanding the harms that 
may affect a community due to the presence and nature of the illicit 
market operating in or passing through them (EMCDDA, 2019; UNODC, 
2021). 

As discussed in great detail by Kilmer et al. (2011), there are four 

general approaches for estimating the size of illicit drug markets used by 
various government agencies. Two rely on supply-side approaches, 
making use of either plant production formulations (acreage of land that 
can be used for cultivation and expected yields for drugs derived from 
plants) or seizures (dividing total seizures in a given year by some 
assumed proportion of shipments). The other two approaches rely on 
demand-side approaches, using self-reported consumption information 
(counts of people using at particular frequencies and then multiplying 
these counts by typical amounts consumed for that group) or expendi
ture (which combine information on number of people who use drugs 
with information on amount spent per year rather than amount used). 
There are important limitations to each of these approaches, and many 
agencies today rely on triangulation of data from multiple approaches 
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(Kilmer et al., 2014; ONDCP, 2014; UNODC, 2021), but given the 
growth in survey methods and synthetic drugs the past two decades, 
demand side estimates have been receiving significantly more attention 
among academics (Armstrong, 2021; Caulkins et al., 2015, 2019; Kilmer 
et al., 2013; Kilmer and Pacula, 2009; van Laar et al., 2013; Wilkins 
et al., 2002). 

Ongoing work continues to evaluate and bound some of the mea
surement issues involved in various steps of constructing demand-side 
estimates, including issues related to missing populations from key 
population surveys (Caulkins et al., 2015; Reuter et al., 2021), under
reporting of any use (Delaney-Black et al., 2010; Harrison et al., 2007; 
Kilmer et al., 2011), and reported number of use days (Caulkins et al., 
2015; Kilmer and Pacula, 2009). Recent methods generating the size of 
illicit drug markets try to incorporate these important sources of un
certainty and bias (Caulkins et al., 2015; Midgette et al., 2019). 

One metric that has received insufficient consideration due to limited 
data availability is the use of self-reported measures of average (and/or 
“typical”) consumption or purchase amounts. The expenditure-based 
method, for example, was revised in recent years to include informa
tion on “last purchase” rather than “typical” or “average” purchase, 
because in 2000 the Arrestee Drug Abuse Monitoring (ADAM) survey, on 
which many US expenditure estimates were built, changed the question 
asked of arrestees from “how much money do you spend in an average 
week for your drugs” to “how much money did you spend on (drug X) 
the last time you purchased it” (Golub and Johnson, 2004). The moti
vation for the change in this question was the belief that people who use 
drugs (especially heavily) have an easier time remembering accurately 
what they did the last time they engaged in the market than they do their 
behavior over a full episode of time, including the past 7 days. In their 
evaluation of the impact of this change, Golub and Johnson (2004) show 
that estimates of the value of total expenditure using information on last 
purchase from 2000-2002 data did in fact generate larger values than 
those based on estimates of average purchase amounts from the 
1998–1999 data, as there were many individuals reporting larger values. 
They were unable to speak to the accuracy of these different estimates 
for generating actual expenditure, however, as they did not know what 
actual expenditure was nor were the same questions regarding typical 
and last purchase asked of the same individuals in each wave. 

Bond et al. (2014) revisit the question of whether the last purchase is 
a reasonable approximation of typical purchase among people who use 
heroin by examining responses to a series of questions about the last 3 
heroin purchases administered to a longitudinal cohort of people who 
were injecting heroin in Australia. They find that, contrary to Golub and 
Johnston, the most recent purchase was generally representative of the 
other purchases reported by the respondent. However, as the authors 
note, the data on last three purchases were obtained through self-report 
on the same survey instrument, and hence may suffer from recall error 
when reported. 

The current study makes several important contributions to the 
literature examining the accuracy of total expenditure estimates by 
assessing within a stable population of 120 people who were using 
heroin regularly in Northeast U.S. the daily purchases made during a full 
two-week period. While still based on self-report, study participants 
were contacted every day and reported via electronic means the heroin 
purchases made since the previous call. We therefore capture purchase 
behavior within close proximity of when it happened for the same in
dividuals over time. Using these repeated observations over a narrow 
period of time, we test the representativeness of the “most recent” (last), 
modal and median purchase compared to the average purchase amount. 
We also examine the nature and magnitude of the bias generated from 
market-level estimates based on self-reported estimates of the most 
recent, modal and median purchase for this group of study participants, 
which can help inform researchers about the limitations of using such 
measures in the development of expenditure-based estimates. 

2. Methods 

Data were drawn from a prior study (Olmstead et al., 2015) that 
collected transaction-level purchase data from people who were using 
heroin regularly for the purpose of estimating the price-elasticity of 
demand for heroin. Relevant details of the elasticities study are 
described below, followed by the methods used to assess the represen
tativeness of the most recent, modal and median heroin purchase. Data 
collection occurred between September 24, 2010 and April 2, 2012. 
Participants provided written informed consent approved by the Uni
versity of Connecticut Health Center Institutional Review Board. Par
ticipants were informed that all information was confidential (via a 
Certificate of Confidentiality from the National Institute of Drug Abuse), 
including drug purchase data.1 

2.1. Study sample and data 

Our study sample comprised 120 people who were using heroin 
regularly (i.e., self-reported heroin use at least once per week during the 
past six months), recruited from the greater Hartford, CT area using 
radio and newspaper advertisements, flyers distributed at low-income 
housing projects and social service agencies, and our contacts with 
community-based substance abuse treatment programs. We excluded 
people who reported “dealing drugs” as one of their top 3 sources of 
income.2 Other exclusion criteria included age less than 18, non-English 
speaking, active psychosis, suicidality, and inability to comprehend the 
study. 

The same study participants completed two distinct two-week waves 
of data collection, separated by six months. During each wave of data 
collection, transaction-level heroin purchase data were collected via an 
Interactive Voice Response (IVR) telephone system that made daily calls 
for a period of two weeks to participants on their study-provided cell
phones and asked them to report all heroin purchases made since the 
previous call.3 Data collected for each heroin purchase included total 
purchase price, units (bags, grams, etc.), number of units, and percent
age for own use. 

The IVR system called participants each day at a designated time 
specified by the participants. Participants were allowed (and encour
aged) to call back if they were unavailable when the IVR call arrived. 
Compliance was monitored, and if a participant did not complete two 
consecutive calls, a research assistant contacted the participant to re- 
engage them in the study. Participants received extensive training dur
ing the orientation session. Unrealistic responses were reconciled with 
the participant within 24 h (whenever possible), and participants were 
compensated to encourage compliance with study procedures.4 

During wave 1, participants completed a total of 1490 calls during 
the 14-day period. However, 6 of these calls were discarded due to either 
missing or suspect responses that could not be reconciled with the 

1 Certificates of Confidentiality are issued by the National Institutes of Health 
to assure the privacy of research subjects by protecting researchers and their 
institutions from being compelled to disclose identifying information about the 
subjects (NIH, 2021).  

2 4% of the people screened for participation in the study were excluded due 
to “dealing drugs”.  

3 IVR telephone systems allow participants to answer recorded questions by 
pressing buttons on their telephone keypad. Such systems typically yield high 
quality data, including drug use data, compared with interviews and ques
tionnaires (Abu-Hasaballah et al., 2007; Tucker et al., 2012).  

4 Participants received $2.50 for each completed IVR call, a $15 bonus for 
completing 12 or 13 out of the 14 calls or a $25 bonus for completing all 14 
calls, and a $25 bonus for returning cellphones in working order. 

T.A. Olmstead et al.                                                                                                                                                                                                                            



Drug and Alcohol Dependence 241 (2022) 109667

3

participant within 24 h, resulting in a total of 1484 calls covering 1587 
(94%) out of a possible 1680 (120 participants X 14 days) participant- 
days.5 At least one heroin purchase was reported on 926 (62%) of these 
calls, describing purchases on 994 days. Since some days included more 
than one purchase, the final wave 1 sample included 1341 separate 
heroin purchases. Ninety-one of the 120 participants from wave 1 
returned for wave 2. Wave 2 participants completed a total of 1128 calls 
(one wave 2 call was discarded due to missing/suspect responses) 
covering 1215 (95%) out of a possible 1274 (91 participants X 14 days) 
participant-days. At least one heroin purchase was reported on 532 
(47%) of these calls, describing purchases on 560 days and resulting in a 
final wave 2 sample of 727 separate heroin purchases.6 

2.2. Analysis strategy 

We analyzed both waves of data with the same methods (described 
below). Detailed results are presented in Section 3 for the wave 1 
analysis; the wave 2 findings were similar and available in supplemen
tary materials. 

To focus on the “final” demand for heroin, for each transaction we 
scale the total purchase price by the percentage that the participant 
intended for own use. In what follows, all references to cash values refer 
to the amount spent by participants on heroin for their own use. 

For participant i, we calculated the following summary measures 
within a given wave:  

1. The number (Ni), total cash value (Ti), and average cash value (Vi)7 

of purchases.  
2. The cash value of the participant’s most recent purchase,8 denoted 

Ri.  
3. The modal purchase, i.e. the most common cash value among all 

purchases (with ties broken randomly), denoted Ci.  
4. The median purchase, i.e. the middle cash value in a sorted list of all 

purchases, denoted Medi. 

Let S denote the total number of participants. Then the total market 
size, M, can be operationally defined as the total cash value of purchases 
across all S participants during the 14-day period.9 Moreover, it is clear 
that the total market size is mathematically related to each participant’s 
average purchase amount, as follows: 

M =
∑S

i=1
Ti =

∑S

i=1
NiVi.

This emphasizes that the key quantity for each participant is their 
average purchase value Vi. If these averages can be estimated in an 
unbiased way, then we can also produce an unbiased estimate of the 
total market size. Said mathematically, suppose we have an estimator V̂ i 

for the average purchase size for participant i, such that E(V̂ i − Vi) = 0, 
and consider the estimator of total market size given by: 

M̂ =
∑S

i=1
Ni V̂ i.

If E(V̂ i − Vi) = 0, then E(M̂) = M, and we have an unbiased estimator 
of market size.10 Therefore, a natural question is whether we can 
plausibly consider a participant’s most-recent purchase to be an unbi
ased estimator of their average purchase, i.e. whether we can reject the 
hypothesis that E(Ri − Vi) = 0. 

To address this, we calculated the difference between each partici
pant’s most recent purchase and their average purchase, and we con
ducted a one-sample t-test for whether E(Ri − Vi) = 0, i.e. whether the 
mean difference was zero. One potential issue with the t-test, however, is 
that the participants’ differences (Ri − Vi) are not homoscedastic, since 
each Vi is calculated using Ni observations. Therefore the simple 
standard-error formula used in a one-sample t-test is incorrect. Note that 
heteroskedasticity would tend to make the t-test anti-conservative, i.e. 
more likely to falsely reject a true null hypothesis; since our test failed to 
reject the null (see Section 3.3), anti-conservatism is clearly not a 
problem. Nonetheless, in the interest of robustness, we also performed a 
bootstrap-based test that straightforwardly accommodates hetero
skedasticity in the participants’ differences. This test, like a t-test, as
sesses whether it is plausible that E(Ri − Vi) = 0, but easily accounts for 
the fact that Ni varies across participants. We describe this bootstrapping 
procedure in the technical appendix, and we note that this same pro
cedure also yields a standard error for the estimator of total market size 
based on each participant’s most recent purchase: 

M̂Recent =
∑S

i=1
NiRi.

Next, we asked the same question of a participant’s modal and me
dian purchases. That is, can we plausibly consider a participant’s modal 
purchase (Ci) or median purchase (Medi) to be an unbiased estimator of 
their average purchase? Mathematically, this entails testing whether 
E(Ci − Vi) = 0 and whether E(Medi − Vi) = 0. To do so, we used the same 
approach outlined above, running both a one-sample t-test and our test 
based on the bootstrap. 

3. Results 

3.1. Demographics 

The mean±SD age of the full sample (N = 120) was 46 ± 9 years; 
58% (N = 69) were male. Approximately half of the individuals were 
non-Hispanic, non-African American (53%, N = 64); 42% (N = 50) 
were non-Hispanic, African American. Fifty-four percent (N = 65) had 
never been married and 28% (N = 33) were divorced. The mean±SD 
years of education was 12 ± 2. Forty-nine percent (N = 59) were un
employed and 38% (N = 46) were not in the labor force. The vast ma
jority (86%, N = 102) had received treatment for substance use disorder 
during their lifetime, and 65% (N = 78), 38% (N = 45), and 21% 
(N = 25) had a lifetime diagnosis of cocaine, alcohol, or marijuana 
dependence, respectively. The mean±SD number of days of heroin use 
per week during the 30 days prior to wave 1 was 4.8 ± 2.1. The mean 
±SD Mental Health Inventory (MHI-5) score was 20 ± 3 and the mean 

5 The IVR system asked participants to report all drug purchases made since 
the previous call. Occasionally, participants did not respond to an IVR call on a 
given day, and so the next call would contain purchase data covering more than 
one day.  

6 Combining waves, there was an average of 0.74 (i.e., (1341 + 727)/(1587 
+ 1215)) heroin purchases per participant-day during the study; extrapolating, 
this is equivalent to 270 (i.e., 0.74×365) heroin purchases per participant-year.  

7 For participant i, Vi was defined as Ti
Ni

.  
8 A participant’s most recent purchase was the last purchase reported on their 

last completed IVR call.  
9 Because the market is a population-based measure, it may be tempting to 

think that our definition of total market size would need to be scaled from our 
sample (S) to the population. However, because the purpose of our analysis is to 
compare three different estimators derived from the same sample, that scaling 
factor would drop out in the analysis of differences. 

10 Technically this holds only if there is no correlation between the total 
number of purchases, Ni, and the error (V̂ i − Vi). But this assumption seems 
correct in light of the data. For example, we find no significant evidence of 
correlation between Ni and (Ri − Vi) across the entire sample for either wave 1 
or wave 2 (see Section 3.3 and supplementary materials). 
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±SD delay discounting rate was 0.08 ± 0.09.11 

3.2. Summary of individual purchases – Wave 1 

Fig. 1 shows a bubble chart of participants’ individual purchases 
during wave 1, along with their mean and most recent purchase.12 The 

mean±SD cash value of the participants’ mean, most recent, modal and 
median purchases was $25.75 ± $18.83, $24.50 ± $21.76, $22.61 ±

$17.88, and $24.04 ± $$18.12, respectively. 

3.3. Representativeness of most recent, modal, and median purchase – 
Wave 1 

Fig. 2 shows a histogram of the difference between most recent pur
chase and mean purchase across all wave 1 participants. There is little 
evidence of a bias in this histogram: the sample mean of Ri − Vi is -$1.25; 
both the one-sample t-test and our bootstrap-based test failed to reject the 
null hypothesis that E(Ri − Vi) = 0, returning p-values of 0.337 and 0.37, 
respectively. 

Fig. 3 shows a histogram of the difference between modal purchase 
and mean purchase across all wave 1 participants. Despite similarities to 
Fig. 2, the sample mean of Ci − Vi is -$3.14, and both the one-sample t- 
test and our bootstrap-based test rejected the null hypothesis that 
E(Ci − Vi) = 0, returning p-values of 0.004 and 0.0008, respectively, 

Fig. 1. Participants’ individual purchases are shown in a bubble chart, with the size of the bubble proportional to the number of purchases at a specific dollar value. 
The mean and most recent purchase for each participant are also shown. Participants are ordered from left to right in descending order of mean purchase. Due to 
space constraints only 30 randomly sampled participants are included in the chart, but a version of this figure containing all participants is available as a supple
mentary file. 

Fig. 2. For each participant, we calculated the difference between their most recent purchase and their average purchase. This histogram shows the empirical 
distribution of these differences across all participants. The mean of this distribution (-$1.25) is not significantly different from 0 (p-value = 0.37). 

11 The MHI-5 is a 5-item subscale of the general health assessment SF-36 with 
items about depression and anxiety (Berwick et al., 1991; Ware et al., 2007); 
scores range from 0 (poor mental health) to 100 (good mental health). The 
delay discounting rate, k, was measured following Kirby et al. (1999) in which a 
hyperbolic function was fit to data generated by participant responses to 
questions offering them hypothetical choices of varying amounts of money 
today versus larger amounts 2–300 days in the future; higher rates indicate 
more impulsive choices.  
12 Due to space constraints, only 30 randomly sampled participants are 

included in Fig. 1, but a version containing all respondents is available in the 
supplementary materials (Figure S.1). 
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indicating that the modal purchase is downwardly biased as an estimate 
of a participant’s average purchase. Similarly, Fig. 4 shows a histogram 
of the difference between median purchase and mean purchase across all 
wave 1 participants. The sample mean of Medi − Vi is -$1.71, and both 
the one-sample t-test and our bootstrap-based test rejected the null 

hypothesis that E(Medi − Vi) = 0, returning p-values of 0.003 and 
0.00007, respectively, indicating that the median purchase is also 
downwardly biased as an estimate of a participant’s average purchase. 
These biases are to be expected, given that typical participant’s purchase 
size distribution (in dollars) is right-skewed (as seen in Fig. 1). 

Fig. 3. For each participant, we calculated the difference between their modal and their average purchase. This histogram shows the empirical distribution of these 
differences across all participants. The mean of this distribution (-$3.14) is significantly different from 0 (p-value = 0.0008). 

Fig. 4. For each participant, we calculated the difference between their median and their average purchase. This histogram shows the empirical distribution of these 
differences across all participants. The mean of this distribution (-$1.71) is significantly different from 0 (p-value = 0.00007). 

Fig. 5. The bootstrapped sampling distribution of total market size based on a single randomly sampled purchase from each participant. By construction this is an 
unbiased estimator of the total market size (blue line, $35,954). The estimate of total market size based on each participant’s most recent purchase ($35,960, error =
$6) is indistinguishable from the actual market size in this figure. 
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Fig. 6. The bootstrapped sampling distribution of total market size based on each participant’s modal purchase (see technical appendix for details of the boot
strapping procedure). The estimate of total market size based on each participant’s modal purchase is $32,162 (error = -$3792 or − 10.55%). 

Fig. 7. The bootstrapped sampling distribution of total market size based on each participant’s median purchase (see technical appendix for details of the boot
strapping procedure). The estimate of total market size based on each participant’s median purchase is $32,704 (error = -$3250 or − 9.03%). 

Fig. 8. A scatter plot showing, for each wave 1 participant, the discrepancy between most recent and mean purchase (Ri − Vi) versus the number of purchases. The p- 
value under the hypothesis of zero correlation is 0.631, suggesting no evidence the number of purchases predicts the representativeness of a participant’s most recent 
purchase value. 
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The actual total market size, M, was $35,954 in wave 1, while the 
estimator of total market size based on each participant’s most recent 
purchase (M̂Recent), modal purchase (M̂Modal), and median purchase 
(M̂Median) was $35,960 (error = $6 or 0.02%), $32,162 (error = -$3792 
or − 10.55%), and $32,704 (error = -$3250 or − 9.03%) respectively.  
Figs. 5–7 show the bootstrapped sampling distributions of the three 
estimators of total market size: M̂Recent, M̂Modal, and M̂Median, respec
tively (see technical appendix for details of bootstrapping procedure). As 
seen in Figs. 5–7, estimates of total market size based on the modal and 
median purchase appear to suffer from a significant downward bias, but 
estimates based on the most recent purchase appear to be unbiased. 

Finally, Fig. 8 shows a scatter plot of the discrepancy between most 
recent and mean purchase (Ri − Vi) versus the number of purchases for 
each wave 1 participant. The p-value under the hypothesis of zero cor
relation is 0.631, suggesting no evidence the number of purchases pre
dicts the representativeness of a participant’s most recent purchase 
value. 

Results using our wave 2 data corroborate our main findings in 
Sections 3.2 and 3.3, and can be found in the supplementary materials. 

4. Discussion 

This study examined the representativeness of the most recent, 
modal and median purchase amounts (in US dollars) made by people 
who were using heroin regularly during two distinct two-week waves of 
data collection, separated by six months. In both waves, we found no 
evidence that the expected value of the most recent purchase differs 
from the expected value of the average purchase – that is, the cash value 
of the most recent purchase appears representative of purchasing history 
as summarized by the cash value of the average purchase. In contrast, in 
both waves the expected values of the modal and median purchases are 
smaller than the expected value of the average purchase. Taken 
together, these results imply that estimates of total market size based on 
the modal or median purchase will suffer from a significant downward 
bias, but that estimates based on the most recent purchase will be 
unbiased. 

A decision we seek to inform is the design of surveys, specifically 
whether surveys that cannot ask about all purchases (as in our study) 
and instead must rely on a single question proxy, should ask about the 
“most recent” or about the “typical” purchase. Although it is an empir
ical question how survey respondents interpret the word “typical,” if 
they interpret it to mean modal (most common) or median (middle 
point), then our findings suggest there could be downward bias in es
timates of total market size; whereas if respondents interpret the word 
“typical” to mean “average”, that would be ideal. That said, even the 
most recent purchase is not without potential problems as an estimator 
of total market size. For example, if the single question proxy is always 
asked on a particular day or time of day, that could introduce bias when 
asking about the most recent purchase that would not plague the 
“typical” purchase.13 Moreover, inasmuch as the total error associated 
with a given estimator is a function of both its bias and variance, and our 
results focus exclusively on bias, future work should examine the con
ditions under which the most recent purchase is a better predictor of 
overall market size (i.e., results in lower total error) than other 
estimators. 

Strengths of the study include two large samples of sequential heroin 
purchases made by people who were using heroin regularly (who 
represent the biggest share of the heroin market; Midgette et al., 2019). 

Compliance with study protocols was very high and all responses were 
rigorously fact-checked with potential outliers verified and/or recon
ciled with respondents within 24 h. 

The study also has three main limitations. First, all data were self- 
reported via an IVR system. However, IVR systems typically yield high 
quality data, including drug use data, compared with interviews and 
questionnaires (Tucker et al., 2012; Abu-Hasaballah et al., 2007). For 
example, IVR systems have been used to collect sensitive data from in
dividuals experiencing homelessness and addiction to crack cocaine 
(Freedman et al., 2006), adolescents with alcohol and other substance 
use disorders (Kaminer et al., 2006), and people living with poverty, 
problem drinking, and HIV/AIDS (Barta et al., 2008). Moreover, the IVR 
data used in this study were part of a larger study that found an almost 
perfect match between the price-elasticity of demand for heroin esti
mated using IVR data versus data collected from the same subjects via a 
laboratory experiment, thereby providing strong evidence that our IVR 
data are valid. Second, our findings are based on a sample of people who 
were using heroin regularly in Northeast, US and, as such, are not 
generalizable to people who use other types of illicit drugs or to other 
parts of the world. For example, individuals in our sample may be older 
than the population of people who use drugs in the US or elsewhere. 
Related, if people who use heroin have more stable purchase habits than 
do people who use some other drugs, then it may be harder to estimate 
total market size for those other drugs from a single question about the 
most recent, typical, or any other specific purchase.14 Third, our findings 
are limited to estimating market size (a population-level measure) and 
do not necessarily extend to individual-level analyses. For example, 
bivariate distributions of (1) Ri, (2) Ci, and (3) Medi all vs. Vi, and their 
associated MAD and MAPE metrics, suggest that median purchase would 
perform better than most recent purchase for individual-level analyses 
(see Figures S.9-S.14 and Table S.1 in supplementary materials). As a 
practical matter, however, the accuracy with which survey respondents 
would be able to assess their median purchase is unclear. 

In conclusion, our study provides evidence in support of using the 
most recent (but not the modal or median) purchase to estimate market 
size for heroin. However, until other studies have corroborated our 
findings, we recommend surveys continue to ask about other recent 
purchases as well. 
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Technical Appendix 

Bootstrapped tests and standard errors 

Our bootstrapped test for the representativeness of the most recent, modal and median purchase was conducted as follows. Let Vi = V1,…,VNi be 
the set of purchases for participant i in a given wave. To form an overall bootstrap sample, we bootstrapped each participant’s purchases indepen
dently. That is, we resampled each Vi with replacement separately, thereby ensuring that each participant has the same number of purchases as in the 
original sample. We then randomly assigned one of these bootstrapped purchases to be the notional “most recent” purchase for participant i; this 
reflected the null hypothesis that E(Ri − Vi) = 0, i.e. that the most recent purchase is as good as a randomly sampled purchase for the purpose of 
estimating the mean purchase Vi. For each bootstrapped sample we also calculated:  

1. The mode of each participant’s purchases.  
2. The median of each participant’s purchases.  
3. The difference between the mean purchase and the modal purchase.  
4. The difference between the mean purchase and the median purchase.  
5. The difference between the notionally most recent purchase and the mean purchase. 

We then repeated this sampling process 2500 times, building up a bootstrapped sampling distribution of the error made when using a participant’s 
most recent, modal, and median purchase to estimate their average purchase. These sampling distributions were visually confirmed as being very 
nearly Gaussian in shape. Therefore the bootstrapped sampling distributions were used to calculate standard errors, which were subsequently used in 
Wald tests for whether E(Ri − Vi) = 0, E(Ci − Vi) = 0, and E(Medi − Vi) = 0. 

For each wave of data, the same bootstrapping procedure was used to form a sampling distribution for the estimate of total market size. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.drugalcdep.2022.109667. 
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