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Abstract

Sugar-sweetened beverages (SSBs) increase risk of cardiometabolic disease. Young people
consume the largest amounts of SSBs and have experienced the greatest relative gains in obesity in
the past several decades. There is evidence of addictive properties of both caffeine and sugar, the
primary ingredients in SSBs, but little research into such properties of SSBs in naturally occurring
consumption patterns. Thus, in this exploratory study, we sought to examine potentially addictive
properties of SSBs during a 3-day SSB cessation intervention in overweight and obese adolescents
who typically consume =3 SSBs daily. Participants (n=25) were aged 13-18 years, mostly female
(72%), and African American (56%) or Hispanic (16%) with a BM1=95% %tile (76%).
Withdrawal symptoms and SSB craving were assessed approximately 1-week apart, during both
regular SSB consumption and a 3-day period of SSB cessation in which participants were
instructed to drink only plain milk and water. During SSB cessation, adolescents reported
increased SSB cravings and headache and decreased motivation, contentment, ability to
concentrate, and overall well-being (uncorrected Ps<0.05). After controlling the false discovery
rate, changes in motivation, craving, and well-being remained significant (corrected Ps<0.05).
Using 24-hr recalls and drink journals, participants reported lower total daily consumption of
sugar (80 g) and added sugar (=16 g) (Ps<0.001) during cessation. This study provides
preliminary evidence of withdrawal symptoms and increased SSB cravings during cessation in a
diverse population of overweight or obese adolescents.
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Introduction

Reducing consumption of sugar-sweetened beverages (SSBs) has become a global public
health priority (Lobstein, 2017). This is due to strong evidence that SSB consumption
increases risk of obesity and cardiometabolic disease (Hu, 2013; Malik, Popkin, Bray,
Despres, & Hu, 2010) and the fact that SSBs are the largest contributor to added sugar in the
diet across multiple countries (Block, 2004; Brisbois, Marsden, Anderson, & Sievenpiper,
2014; Reedy & Krebs-Smith, 2010; Sanchez-Pimienta, Batis, Lutter, & Rivera, 2016).
Excessive SSB consumption is a particular concern among adolescents, who consume more
SSBs than any other age group in the U.S. (Kit, Fakhouri, Park, Nielsen, & Ogden, 2013).
Adolescents also experienced the greatest relative increase in obesity prevalence, which
quadrupled over the past several decades (U.S. Department of Health and Human Services,
2014).

Compared to other foods, SSBs have unique attributes that may promote overconsumption
of calories. First, compared to calories from solid food, liquid calories appear to be less
satiating and incompletely compensated for by eating fewer calories later in the day
(Almiron-Roig et al., 2013; Mattes, 1996). Second, SSBs contain primary ingredients—
caffeine and sugar—with evidence of addictive potential. Caffeine withdrawal is an
established disorder recognized by the Diagnostic and Statistical Manual of Mental
Disorders (DSM-V) and the International Statistical Classification of Diseases and Related
Health Problems (ICD-10) (American Psychiatric Association, 2013; Meredith, Juliano,
Hughes, & Griffiths, 2013; World Health Organization, 1992). The continued use of caffeine
despite harm (e.g., insomnia, hypertension) has been documented, and caffeine dependence
syndrome is recognized by ICD-10 (Meredith et al., 2013; World Health Organization,
1992).

In contrast, research on the addictive potential of sugar is a relatively new but burgeoning
area. The majority of such studies have used animal models, which reveal parallels between
added sugars and substances of abuse in bingeing, craving, tolerance, and withdrawal
(DiNicolantonio, O'Keefe, & Wilson, 2017). Also, human neuroimaging studies show that
high sugar intake activates similar neural circuitry and reward systems as substances of
abuse (Smith & Robbins, 2013). Although there is an evolutionary rationale for liking
sweetness to encourage consumption of nutrient- and energy-containing foods (e.g.,
mother’s milk or fruits), added sugars are distinct in that they are extracted, concentrated,
and separated from the nutrients in their original forms (e.g., beets or corn). This extraction
and concentration process is akin to that of addictive substances like opium from poppies or
ethanol from fruit (Davis, 2014).

Adolescence is a particularly susceptible period for addiction, when still-developing brains
are highly sensitive to substances and when risk-taking is more likely due to a faster
developing limbic system (which supports emotion) than prefrontal cortex (site of executive
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control) (IOM (Institute of Medicine) and NRC (National Research Council), 2011).
Although still minors, the transition to the teenage years is marked by greater autonomy in
food purchasing and more frequent exposure to advertising for SSBs (Powell, Szczypka, &
Chaloupka, 2010). In 2009, carbonated beverages were the food category with the highest
marketing expenditures for teens, totaling nearly $400 million (Federal Trade Commission,
2012).

Although there is evidence of addictive potential of ingredients in SSBs, there is a dearth of
research on such properties of SSBs themselves, particularly among adolescents. However,
the five-fold increase in SSB consumption since the 1950’s (Economic Research Service,
2017) coupled with still high levels of consumption (Rosinger, Herrick, Gahche, & Park,
2017) despite increased publicity of the associated health consequences, is consistent with
the “use despite harm” manifestation of addiction. Given the heavy marketing, consumption,
and health consequences of SSBs among youth, determining the extent to which SSBs
exhibit addictive properties could have important regulatory, communications, and obesity
treatment implications. Thus, in this exploratory study, we sought to examine the extent to
which SSBs exhibit potentially addictive properties, namely symptoms of withdrawal and
craving, among overweight and obese adolescents who consume high amounts of SSBs.

Study Design

Participants

We employed a single arm intervention trial in which pre-post measurements were taken
approximately 1-week apart. During the first 5 days, participants were instructed to continue
their usual beverage consumption, followed by a 3-day period of SSB cessation (Figure 1).
A 3-day period was selected to overlap with peak severity for symptoms of caffeine, alcohol,
and nicotine withdrawal (Hughes, 2007; Juliano & Griffiths, 2004; Kosten & O'Connor,
2003; Shiffman et al., 2006). This study was approved by the institutional review boards at
the UC San Francisco, UC Berkeley, and Children’s Hospital and Research Center Oakland.

and Recruitment

Eligible participants were aged 13-18 years who consumed =3 SSBs daily, had a BMI=85™
percentile for age and sex, spoke English, and had a parent/guardian who spoke English or
Spanish. Eligibility criteria included BM1=85t" percentile due to evidence that those with
high BMIs may be more susceptible than their normal BMI peers to the potentially addictive
properties of foods/beverages (Epel et al., 2014; Schulte & Gearhardt, 2017). Teens were
ineligible if they were pregnant, nursing, or undergoing pharmacological treatment for
mental health. The study was advertised through parent listservs and by flyers at local
hospitals, clinics, health fairs, and high schools. Participants were screened for eligibility
and recruited over the phone. Figure 2 shows participant flow. Of 28 eligible participants
identified, 25 enrolled in the study. For all participants, we obtained assent and informed
parental consent.
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Intervention

The purpose of the study was described to participants as exploring “how soda affects
teenagers’ health” and learning “how teenagers react when they stop drinking sugary
drinks.” Participants were instructed to drink their usual beverages over a 5-day period
(Phase 1: Usual SSB intake) and then to drink only plain water or plain milk over the next 3-
day period (Phase 2: SSB cessation). Participants received these instructions verbally, in
writing, and graphically through a calendar. Researchers reminded participants of these
instructions during data collection visits at a local children’s hospital. On the last day of
usual intake and the first day of cessation (days 5 and 6), a researcher called and/or texted
participants to remind them to drink only plain milk and water on days 6-8. Participants
were reimbursed for travel and received up to $160 for participation.

Measures

The primary outcomes were symptoms of withdrawal, measured by (1) a modified scale of
mood, behavior, and physical symptoms (Griffiths et al., 1990) for identifying symptoms of
caffeine withdrawal, and (2) dimensions of mood, including SSB craving, assessed five
times per day via check-in questions. We focused on withdrawal and craving, common
manifestations of addiction / substance use disorders, because (1) withdrawal perpetuates
continued use of a substance to alleviate symptoms, and (2) craving predicts frequency of
substance use and relapse (American Psychiatric Association, 2013; D. H. Epstein, Marrone,
Heishman, Schmittner, & Preston, 2010; Oslin, Cary, Slaymaker, Colleran, & Blow, 2009).
Figure 1 shows the timing of all measures. Although we drew upon an assessment tool for
caffeine withdrawal and craving, many of these symptoms may also occur in response to
cessation from high sugar intake, as evidenced by animal models (DiNicolantonio et al.,
2017).

We used 11 items sensitive to caffeine cessation from a scale by Griffiths and colleagues
(1990). This scale asked, “How do you feel right now?” for each dimension: having a
headache, feeling energetic, awake/alert, tired, good overall, drowsy/sleepy, content/
satisfied, motivated to do work, outgoing, self-confident, and able to concentrate. Wording
was modified for some items to use terminology more familiar to adolescents (i.e.,
“outgoing” instead of “social disposition,” “tired” instead of “lethargy/fatigue,” “feel good
overall” instead of “well-being,” and “awake/alert” instead of “alert/attentive™). We used a 5-
(instead of 4-) point response scale to capture greater variability: 0 (not at all), 1 (a little), 2
(somewhat), 3 (moderately), and 4 (very much). Participants completed the scale on the first
two days of usual SSB intake and one-week later, during each cessation day. We calculated
total scale score by reverse coding positive items (e.g., “I feel good overall”) before
summing, such that higher scores indicated greater severity of withdrawal. Responses on
each day and responses averaged across days of the cessation phase were compared with
responses averaged across days of the usual intake phase.

To assess craving and the times at which certain withdrawal symptoms may be most severe,
participants completed four check-in questions five times daily, either by mobile text

message or a check-in diary. These questions assessed SSB cravings as well as perceptions
of overall well-being, tiredness, and irritability. Griffiths et al. (1990) identified craving and
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irritability as also sensitive to caffeine withdrawal(Griffiths et al., 1990). Check-in questions
were completed at 10am, 12pm, 4pm, 6pm, and 9pm on days 2-3 of the usual SSB phase and
on each day of SSB cessation. Each of the following questions used a 10-point response
scale: How do you feel? 1 (really bad) — 10 (really good); How much do you want [favorite
SSB] right now? 1 (I don’t want at all) — (I really want); How tired are you? 1 (not tired at
all) — 10 (really tired); and How irritable are you? 1 (not at all irritable) — 10 (really
irritable). During the usual SSB phase, responses at each time point were averaged across
days (e.g., response at 10am on day 2 was averaged with the response at 10am on day 3) and
served as the comparison for each day of SSB cessation responses.

Additional outcomes assessed (see Figure 1 for timing) included dietary intake, salivary
caffeine, and secondary outcomes of attention, impulsivity, and the relative reinforcing value
of SSBs. Through the Automated Self-Administered 24-Hour (ASA24®) dietary assessment
tool, participants recalled the types and amounts of foods and beverages consumed the
previous day. We additionally assessed beverage intake using a self-administered daily
beverage recall (i.e., “drink journal™), which probed for how often and in what quantities the
following were consumed: plain milk (whole, 2%, 1%, and skim); flavored milk; plain non-
dairy milk; flavored non-dairy milk; horchata; smoothies; 100% fruit juice; tamarindo,
jamaica, or aguas frescas; fruit-flavored drinks; sports drinks; energy drinks; tap water;
bottled water; and caffeinated and uncaffeinated regular soda, diet soda, unsweetened coffee
or tea, and coffee or tea with added sugar. Drink journal beverages that were not reported on
ASA24, or that were reported in larger quantities, were coded for nutrients using the
USDA’s Food and Nutrient Database for Dietary Studies and the Food Patterns Equivalents
Database (U.S. Department of Agriculture, 2016). The corresponding differences in
nutrients and quantities were added to those from ASA24 and averaged across days for each
study phase.

Saliva samples were used to assess caffeine intake and provided an indicator of adherence
among caffeinated SSB consumers, which was communicated to participants. Participants
provided 5mL samples after abstaining from food and drink for 30 minutes, rinsing their
mouth, and removing lipstick or balm. Samples were stored at —20°C and analyzed by the
UCSF Clinical Pharmacology Laboratory (San Francisco, CA).

Computer tasks assessed attention via the Stroop tasks for color and word naming
(MacLeod, 1991; Stroop, 1935) (Inquisit 3, Millisecond Software, LLC); impulsivity via
delay and probabilistic discounting (Millisecond Software, LLC) (Mazur, 1987; Rachlin,
Raineri, & Cross, 1991); and the relative reinforcing value of SSBs (RRVsgpgs) Via the
Behavioral Choice Computer Task (L. H. Epstein, Carr, Lin, & Fletcher, 2011; Goldfield,
Epstein, Davidson, & Saad, 2005).

Other measures taken at the start of the study included age, sex, race/ethnicity,
anthropometrics, parental education, living arrangement, and fasting serum glucose, insulin,
hemoglobin Alc, lipids, adiponectin, and leptin. The fasting blood draw occurred during
scheduled morning appointments on days 2-5 of the usual intake phase.
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Analytic sample

Analysis

Results

All 25 participants provided responses to the 11-item withdrawal scale and dietary data.
Three had missing values for one withdrawal scale item, which was imputed from the mean
of the individual’s other scale items. Twenty-four participants provided responses to check-
in questions during both phases, which was 83% non-missing at each time point through 12
pm on day 8 (last day of cessation). Thereafter, check-in data had missingness =40% and
thus were not analyzed. Computer task data were available from 23 participants, but for
delay/probability discounting, only 15 participants had non-outlying data that could be fit
using the hyperbolic equations (Mazur, 1987; Rachlin et al., 1991). Complete case analyses
were performed on these secondary outcomes.

Internal consistency of the withdrawal scale was assessed by Cronbach’s alpha. Change in
individual item scores and total scale scores from the withdrawal scale were examined using
paired t-tests. Daily check-in responses at each time of day during the cessation phase were
compared to responses at the same times during the usual intake phase using post hoc
contrasts after fitting linear regression models with indicators for each time point and robust
standard errors (Huber-White sandwich). The remaining outcomes were compared between
phases using paired t-tests or Wilcoxon signed-rank tests in the event of non-normality. In
this exploratory study, results of the above statistical tests are presented both uncorrected for
multiplicity and corrected after applying the Benjamini-Hochberg procedure to control the
false discovery rate to <5% (Benjamini & Hochberg, 1995). Although the sample size
limited our ability to test for separate or interactive effects of caffeine and sugar, in
additional exploratory analyses uncorrected for multiplicity, we restricted analyses to those
who reported consuming low levels of caffeine from beverages (<55mg/day) at baseline, less
than the amount in a 20 fl oz bottle of cola. Analyses were conducted in STATAL3
(StataCorp LP, College Station, TX).

Table 1 shows participant baseline characteristics assessed during the usual SSB intake
phase. The majority of teens were female (72%), non-Hispanic African American (56%),
with a BMI=95t" %tile (76%), and a mother with greater than a high school education
(64%). Fewer than half lived with both parents (44%) and had a father with greater than a
high school education (45%). Mean consumption of SSBs was 32 + 22 fl oz/day with soda
accounting for the largest share (42%) of SSBs, followed by fruit-flavored drinks (35%).
However, the majority of participants (n=19, 76%) reported consuming low amounts of daily
caffeine (<55 mg). Only five participants reported consuming no caffeine from beverages at
baseline. Mean fasting hemoglobin Alc level was within the diagnostic range for pre-
diabetes.

Primary Outcome

Cronbach’s alpha for the modified withdrawal scale (Griffiths et al., 1990) ranged from 0.82
to 0.91 across days of administration, indicating good to excellent internal consistency.
Reported symptoms from this scale (Table 2) included increased ratings of headache and
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decreased feelings of contentment/satisfaction, motivation to do work, and ability to
concentrate during the SSB cessation phase, which were most pronounced on the first two
days of cessation (days 6 and 7). After applying the Benjamini-Hochberg procedure, only
feeling motivated to do work significantly decreased during cessation on day 2 (corrected
P<0.05). Supplementary Table S1 contains fully reported statistics. Before correction, there
was also a borderline significant decrease in reported wellbeing and increase in the total 11-
item scale score on the first and second day of cessation (Table S1).

In additional exploratory analyses examining these symptoms among low-caffeine
consumers (n=19), the magnitude of average change was similar for headache (+0.4 + 0.9)
and motivation (-0.5 £ 1.0). Change in ability to concentrate in this subgroup was attenuated
(-0.3£1.0).

Symptoms of withdrawal assessed by the daily check-in questions five times daily are shown
in Figure 3 (full statistics reported in Supplemental Table S2). When uncorrected for
multiplicity, at several time points during the SSB cessation phase, ratings of overall
wellbeing appeared significantly lower, and ratings of SSB craving appeared significantly
higher. After the Benjamini—-Hochberg procedure, overall wellbeing at 12pm the second day
of cessation and SSB cravings at 9pm the first day of cessation differed significantly from
those times during the usual intake phase (corrected Ps<0.05). There were no significant
differences between phases for feeling tired or irritable. Results were similar when restricted
to those who reported consuming low levels of caffeine from beverages at baseline (hot
shown).

Other Outcomes

Table 3 shows changes in dietary outcomes reported on 24-hr recalls and drink journals.
Compared to the usual SSB intake phase, during the cessation phase, participants reported
decreased daily consumption of SSBs and sugar, energy, and caffeine from beverages
without compensatory increases in sugar from food. Consumption of total daily sugar and
added sugar from all sources significantly decreased.

Most (n=16) reported only consuming water and plain milk during the cessation phase, but 9
participants consumed some SSBs, ranging from 1-8 fl 0z among five participants, 14-15 fl
0z among three participants, and 42 fl oz in one participant. Flavored milk accounted for
67% of non-adherent SSB consumption. Salivary caffeine, another indicator of adherence,
significantly decreased by 63% during the SSB cessation phase (-0.22 pg/ml; P=0.02)
(Table 3) to levels similar to those in other studies among participants undergoing caffeine
cessation (James & Gregg, 2004; James, Gregg, Kane, & Harte, 2005). Non-adherence was
likely in two participants, whose salivary caffeine levels increased from the usual intake
phase to 0.51 and 0.96 pg/ml during cessation. The individuals described here were included
in all analyses.

Lastly, there were no significant changes in Stroop tasks, delay/probabilistic discounting, or
RRV¢g (all P-values>0.05).
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Discussion

In this exploratory study of the potentially addictive properties of SSBs, we detected an
increase in symptoms of craving for SSBs and withdrawal among overweight and obese
teens during a 3-day period of SSB cessation. The teens, who were regular consumers of
SSBs before cessation, reported the following specific withdrawal symptoms during SSB
cessation: increased headache; decreased motivation to do work, contentment, and ability to
concentrate; and lower ratings of overall wellbeing. After controlling the false discover rate,
increased SSB craving and decreased feelings of motivation and overall wellbeing remained
significant. Withdrawal and craving are key manifestations in response to other legal
addictive substances with large public impacts, like tobacco and alcohol, and like these
substances, SSBs are consumed excessively despite health harms (Bray & Popkin, 2014).
This is the first study we are aware of to examine potentially addictive properties of SSBs
during a cessation intervention in free-living participants.

In this study, decreased well-being and increased cravings were most pronounced in the
afternoon and evening, perhaps because this is when youth typically consume SSBs or are
exposed to SSB cues through peer consumption or advertising. This timing could also result
from circadian rhythm or timing of meals. Other withdrawal symptoms that were measured
only once per day—headache and decreased contentment, motivation, and concentration—
were more pronounced on days 1 and 2 of cessation than on day 3 of cessation. Other
findings included clinically meaningful reductions in total sugar and sugar from beverages,
the latter of which was not compensated for by increased sugar from foods. This finding is
consistent with trials demonstrating decreased total sugar intake and/or weight loss from
SSB replacement (de Ruyter, Olthof, Seidell, & Katan, 2012; Ebbeling et al., 2012).

The symptoms we observed in this study overlap with those observed in studies of
withdrawal from caffeine (De Biasi & Salas, 2008; Juliano & Griffiths, 2004), the only
psychoactive substance that can be legally purchased by children (Bernstein et al., 1998).
However, in the current study, mean daily caffeine consumption was low (50 mg/d from
beverages) compared to studies of caffeine cessation (100-900 mg/d) (De Biasi & Salas,
2008; Juliano & Griffiths, 2004). Yet, even low levels of caffeine may promote SSB
consumption. A recent randomized controlled trial blindly assigned 99 adults to caffeinated
SSBs (66 mg / 110ml, similar to common cola brands) or non-caffeinated SSBs, ad libitum
for 6-weeks (Keast, Swinburn, Sayompark, Whitelock, & Riddell, 2015). The caffeinated
group consumed significantly more SSBs and reported greater “liking” of SSBs than the
non-caffeinated group. Therefore, caffeine, which is added to soda by manufacturers, may
be contributing to high SSB consumption though its psychoactive properties. Manufacturers
claim caffeine is added as a flavor enhancer, yet multiple studies have found evidence
against flavor activity at concentrations common to SSBs (Keast & Riddell, 2007; Keast et
al., 2015).

Although this study was not powered to compare withdrawal symptoms between caffeinated
and non-caffeinated SSBs consumers, when we restricted to those usually consuming no/low
caffeine from beverages, results were similar for headache, motivation, overall wellbeing,
and craving. Therefore, we hypothesize that beyond caffeine, sugar content may have
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contributed to the observed symptoms, consistent with human neuorimaging studies of sugar
consumption (Jastreboff et al., 2016; Smith & Robbins, 2013). Also, in a recent fMRI study
examining adolescent brain response to SSBs, overweight teens were assigned to consume 1
ml of water and 1 ml of their preferred soda (Feldstein Ewing, 2016). Compared to water,
soda resulted in brain activation in “...the regions that have been implicated in the
neurobiological phenotype of substance use severity” and mapped onto “....existing
addiction cue exposure literature” (Feldstein Ewing, 2016). Because only 25% of
participants selected a caffeinated soda, it is unlikely that caffeine accounted for the results.
In another fMRI study, in which adolescents consumed 75 g of glucose and 75 g fructose
dissolved in cherry-flavored water (without caffeine), obese but not lean adolescents
exhibited both attenuated prefrontal executive control responses and heightened homeostatic
and hedonic responses to glucose and fructose (Jastreboff et al., 2016). Although this
provides further evidence of the addictive potential of liquid sugar without caffeine in obese
youth, the cross-sectional design makes it unclear if this neural response led to or was a
consequence of obesity.

Questions have arisen as to whether certain foods/beverages like SSBs are addictive in
vulnerable individuals (substance-based “food addiction” framework), or if instead, some
individuals are addicted to eating (behavioral addiction framework) (Hebebrand, 2014). To
explore this issue, college students and diverse adult populations were surveyed to determine
if particular foods played a role in addictive eating (Schulte, Avena, & Gearhardt, 2015;
Schulte, Smeal, & Gearhardt, 2017). In these studies, soda was ranked high on indicators of
addictive eating, such as loss of control (Schulte et al., 2015; Schulte, Smeal, et al., 2017).
Other high-ranking foods, like pizza and cookies, were highly processed with refined
carbohydrates and/or added fat. Foods that ranked low were those that were less/not
processed like fruits, vegetables, salmon, and beans. These, and other studies (Schulte,
Potenza, & Gearhardt, 2017), provide support for the food addiction framework wherein
only particular foods or beverages, such as SSBs, trigger addictive behavior. However, not
all studies using survey-based approaches have found that soda (Lemeshow et al., 2018)
and/or high sugar (mainly without fat or protein) foods were related to food addiction
(Markus, 2017).

The current study, with its prospective design, both complements and addresses some
limitations of survey-based approaches for identifying potentially addictive foods, which
have been mostly cross-sectional and reliant on participants’ cognizance of the harms caused
by particular foods and beverages. However, this study’s small sample size limited our
ability to examine differences in symptoms by participant characteristics, such as caffeine
consumption, and likely resulted in insufficient power to detect effects of SSB cessation on
secondary and even primary outcomes. Generalizability is limited to overweight,
predominantly female teens. Although the employed design has been used to examine
caffeine withdrawal symptoms and has good ecological validity because it involves a
naturally occurring pattern of consumption followed by abrupt cessation (De Biasi & Salas,
2008; Juliano & Griffiths, 2004), there are associated limitations. Because participants were
free-living, adherence could not be guaranteed, but salivary caffeine and 24-hr recalls
provided a degree of reassurance. Also, the use of a single group intervention design,
relative to a crossover or two-group design, may be biased by “testing”, or the possibility
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that taking a baseline survey influenced subsequent responses to the same survey/task during
SSB cessation. In particular, testing may have influenced the cognitive and behavioral tasks,
for which we did not find significant changes. However, it is also possible that the tasks used
were not sensitive enough. Even experimental studies of caffeine cessation do not
consistently demonstrate impaired cognitive or behavioral performance (Juliano & Griffiths,
2004). This study was limited to three days of cessation, which overlaps with timing for
peak symptoms of withdrawal from caffeine of 20-51 hours (Juliano & Griffiths, 2004) and
several symptoms of withdrawal from tobacco and alcohol (Hughes, 2007; Kosten &
O'Connor, 2003; Shiffman et al., 2006). However, for other substances, symptoms can peak
around 3-5 days, so it is possible our cessation period was not long enough to capture
greatest severity for all symptoms. Relatedly, insufficient data for analysis was available
from daily check-in questions after 12 pm on day 8. Consequently, we may have missed
detecting symptoms that peaked around this time.

Future studies with larger sample sizes should examine possible withdrawal symptoms from
SSBs over longer periods of time using a cross-over design, enroll normal and overweight
participants and regular consumers and non-consumers of SSBs, examine differences
between responses to caffeinated and non-caffeinated SSBs as well as liquid and solid sugar,
and examine other potential manifestations of addiction. Neural imaging studies among
younger children, coupled with longitudinal assessments of SSB consumption,
anthropometrics, and metabolic outcomes, could also help clarify the direction of the
association between addictive response to SSBs and weight status.

This exploratory study provides early evidence of potentially addictive properties of SSBs in
a diverse population of overweight adolescents. These results, combined with present and
future corroborating evidence, could inform clinical practice around helping adolescents
reduce SSB intake, have important implications for messaging in public health campaigns,
and inform the need for efforts to reduce SSB advertising to youth and SSB availability in
and around schools.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Study timeline
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579 Interested in participating

13 Declined to participate
133 Could not be reached
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Figure 2.
Participant flow
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A. Overall wellbeing B. SSB craving
10 10
9 9
8 8
o 7 o 7
2 g 6
g ° g
@ 5 ] 5
® 4 ® 4
3 3
2 2
1 1
10 12 16 18 21 34 36 40 42 45 58 60 10 12 16 18 21 34 36 40 42 45 58 60
Hours since midnight of phase Hours since midnight of phase
C. Tiredness D. Irritability
10 10
9 9
8 8
o 7 o 7
2 2 5
g ° g
@ 5 a 5
4 4
3 3
2 2
1 1
10 12 16 18 21 34 36 40 42 45 58 60 10 12 16 18 21 34 36 40 42 45 58 60

Hours since midnight of phase Hours since midnight of phase

-—@— Phase 1: Usual SSB intake =4 = Phase 2: SSB cessation

Figure 3. Daily check-in questions assessing symptoms of withdrawal at regular intervals during
usual intake and SSB cessation phases (n=24)

*P<0.05, **P<0.01, and ***P<0.01 uncorrected for multiplicity for differences between the
usual intake and SSB cessation phases.

¥ Benjamini-Hochberg corrected P-value<0.05.

Plots show average responses at each time point as well as error bars for 95% Cls. Cls and
post hoc pairwise contrasts between each time point were estimated using the margins and
pwcompare commands in STATA for postestimation after fitting generalized linear
regression models containing indicators for each time point with robust (Huber-White
sandwich) standard errors. Usual intake phase responses at each time were averaged across
days to serve as the comparisons for each time/day of cessation. Full results are reported in
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Table S2. Questions and 10-point response scale anchors: (A) How do you feel? 1 (really
bad) — 10 (really good); (B) How much do you want your favorite sugar-sweetened beverage
right now? 1 (I don’t want at all) — (I really want); (C) How tired are you? 1 (not tired at all)
— 10 (really tired); (D) How irritable are you? 1 (not at all irritable) — 10 (really irritable).
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Characteristics of 25 participants

Table 1.

Mean=SD or n (%)

Age (years)
Female
Race/ethnicity
Non-Hispanic
African American
More than one race
White
Asian/Pacific Islander
Hispanic African American
Hispanic/Latino white
BMI
BMI%tile
BMI=95% ostile
Waist circumference, cm
Socioeconomic characteristics
Mother’s education >high school degree
Father’s education >high school degree
Lived with both parents
Daily self-reported beverage intake, fl oz/day
Sugar-sweetened beverages
Soda with added sugar
Fruit drinks and smoothies
Sports drinks
Sweetened coffees or teas
Energy drinks
Flavored milks
Total sugar-sweetened beverages
Non-sugar-sweetened beverages, fl oz/day
Water
Juice, 100%
Unflavored milk, dairy or non-dairy
Diet soda
Unsweetened coffee or tea
Fasting serum measures
Glucose, mg/dl
Insulin, pg/ml
Hemoglobin Alc, %
Triglycerides, mg/dl

Total cholesterol, mg/dl

Appetite. Author manuscript; available in PMC 2020 February 01.

153+1.4
18 (72)

14 (56)
3(12)

2(8)

1(4)

1(4)

4(16)
337

96.1 +0.04
19 (76)
102+ 24

16 (64)
9 (45)
11 (44)

18 + 26
5+8
2+4
1+2
1+2

96.2+7.8
23.6+9.9
59+0.6
75.5+36.5
150.3 +30.1
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MeanzSD or n (%)
HDL, mg/dl 429+125
LDL, mg/dl 92.3+23.1
Adiponectin, pg/ml 74+£32
Leptin, ug/ml 42.1+£29.1

Note: Observations with missing data were excluded from calculations of means, SD, and percentages.
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Table 3.
Daily dietary intake and salivary caffeine
Phase 1: Phase 2: Change 22 p
Usual SSB SSB (n=25) M £
intake Cessation sD
(N=25)M+ (n=25) M =
SD SD
Daily intakes
Sugar sweetened beverages
Amount, fl oz 32+22 5+9 -27+25 400 <0.001
Added sugar, g 20+13 2+3 -18+15 421  <0.001
Sugar, g 80 + 56 11+23 -69 + 65 4,00 <0.001
Energy, kcals 344 + 238 69 + 151 -275+ 303 3.62  <0.001
Caffeine, mg 40 £59 1+2 -39+59 394 <0.001
Total beverages
Amount, fl oz 59 + 32 53 + 36 -6+ 26 1.06 0.29
Sugar, g 100 + 58 18 + 26 -82+59 421  <0.001
Energy, kcals 458 + 262 150 + 197 -308 + 272 427  <0.001
Caffeine, mg 50 + 60 4+14 -46 £ 57 412  <0.001
Caffeine from food, mg 15+0.6 15+05 0.0+£0.8 0.38 0.70
Sugar from food, g 54 + 39 47 £33 -7+45 -0.63 0.53
Total daily foods and beverages
Added sugar, g 26+18 10+9 -16+19 340 <0.001
Sugar, g 144 + 83 64 + 43 -80+78 3.89 <0.001
Protein, g 71+67 64 +37 -6+ 63 0.18 0.86
Solid fat, g 25+ 20 25+14 0+19 -0.42 0.68
Fiber, g 11+6 10+£5 -1+7 0.66 0.51
Energy, kcals 1945+1129 1610+761 -334+1021 1.31 0.19
035+0.62 013+024 -022+058 230 0.02

Salivary caffeine (ug/ml)[7

a - ) . . . .
Z-statistics and P-values from Wilcoxon Signed Rank Tests comparing usual intake to SSB cessation phases.

bAmounts below the quantifiable limit of 0.100 pg/ml were coded as 0 pg/ml.
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