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Introduction: Adolescence and young adulthood are periods of continued biological
and psychosocial maturation. Thus, there may be deleterious effects of consuming large
quantities of alcohol on neural development and associated cognition during this time.
The purpose of this mini review is to highlight neuroimaging research that has specifically
examined the effects of binge and heavy drinking on adolescent and young adult brain
structure and function.

Methods: We review cross-sectional and longitudinal studies of young binge and heavy
drinkers that have examined brain structure (e.g., gray and white matter volume, cortical
thickness, white matter microstructure) and investigated brain response using functional
magnetic resonance imaging (fMRI).

Results: Binge and heavy-drinking adolescents and young adults have systematically
thinner and lower volume in prefrontal cortex and cerebellar regions, and attenuated white
matter development. They also show elevated brain activity in fronto-parietal regions
during working memory, verbal learning, and inhibitory control tasks. In response to
alcohol cues, relative to controls or light-drinking individuals, binge and heavy drinkers
show increased neural response mainly in mesocorticolimbic regions, including the
striatum, anterior cingulate cortex (ACC), hippocampus, and amygdala. Mixed findings
are present in risky decision-making tasks, which could be due to large variation in task
design and analysis.

Conclusions: These findings suggest altered neural structure and activity in binge and
heavy-drinking youth may be related to the neurotoxic effects of consuming alcohol in
large quantities during a highly plastic neurodevelopmental period, which could result in
neural reorganization, and increased risk for developing an alcohol use disorder (AUD).

Keywords: binge drinking, heavy drinking, adolescence, young adulthood, MRI and fMRI

INTRODUCTION

Magnetic resonance imaging (MRI) studies have highlighted ongoing brain maturation through
young adulthood (Gogtay et al., 2004). Decreases in cortical gray matter (GM) from ages 10-12
through adulthood have been attributed to synaptic pruning, a process that prioritizes efficiency
and strengthening of connections via proliferation of myelin over the creation of new synaptic
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connections that occurs in childhood (Amlien et al., 2016).
White matter (WM) volume increases linearly through
young adulthood, which yields relatively stable total brain
volumes after puberty (Giedd et al, 2009). This period of
significant cortical modification coincides with increases in
behavioral risk taking including the use of alcohol and other
substances.

Alcohol use has negative effects on cognition and the
brain (Jacobus and Tapert, 2013) and on health and safety
(Nhtsa, 2014), yet drinking in high quantities increases during
adolescence as nearly 25% of high school seniors report
getting drunk in the last 30 days (Johnston et al, 2017).
Binge or heavy episodic drinking (i.e., 4 or more standard
drinks within a 2 h drinking session for females, 5 or
more drinks for males) (NIAAA, 2004)! leads to increased
risk for negative acute effects, such as drunk driving, unsafe
sex, and other substance use (Miller et al., 2007). Long-
term, adolescent alcohol use is related to serious psychosocial
problems, including comorbid psychopathology (Deas and
Thomas, 2002), poorer academic success (Kristjansson et al.,
2013), and detrimental neurocognitive consequences (Jacobus
and Tapert, 2013). Furthermore, binge drinking patterns initiated
during late adolescence often persist into early adulthood
(Degenhardt et al, 2013) and initiating heavy drinking at an
early age significantly increases risk for subsequent adult alcohol
use disorders (AUD) and related problems (Hingson et al.,
2006).

Given the increase of binge and heavy drinking during
adolescence when protracted brain maturation is still underway,
understanding the potentially harmful effects of consuming large
quantities of alcohol on neural development and associated
cognition is of central importance. The purpose of this
mini review is to highlight associations that may reflect
deleterious effects of binge drinking and also to inform future
investigations into the effects of binge drinking on brain
development and functioning in young binge/heavy episodic
drinkers (BD/HD). Thus, we excluded samples based on
diagnostic criteria (e.g., alcohol abuse or AUD), treatment
studies, and those that characterized drinking based on
non-binge or heavy-drinking criteria (e.g., lifetime alcohol
use days).

STRUCTURAL BRAIN IMAGING

Structural MRI assesses the metrics (e.g., thickness,
surface area, and volume) of specific brain tissues at
the macrostructure level. Additional techniques utilize
the diffusion of water molecules [e.g., diffusion tensor
imaging (DTI)] to characterize the microstructure of GM
and WM. The majority of studies present cross-sectional
data using retrospective reports of drinking experience,
while a few recent studies have reported longitudinal

"While the definition of a standard drink differs by location outside of the United
States (Mongan and Long, 2015). binge drinking episodes result in blood alcohol
concentrations (BAC) near.08 gram percent (i.e., minimum of 2-3 ounces or 60-85
grams of pure alcohol).

changes in brain structure associated with binge drinking
(Table 1).

GM and WM Macrostructure

Several cross-sectional studies have examined brain structure
and binge and heavy-drinking histories of varying lengths in
young drinkers, and the majority have highlighted regions of
interest where alcohol-related deficits have been identified in
chronic alcoholics (Pfefferbaum et al., 1998). Many studies report
smaller volumes or thinner tissue distributed across neocortical
regions primarily in frontal cortices, but also in temporal and
parietal cortices (see Table 1). For example, a study that followed
drinking patterns of young adults for 10 years reported HD
exhibited reduced GM volume in the anterior cingulate cortex
(ACC), orbitofrontal cortex (OFC), temporal gyrus, and insular
cortex compared to light drinkers (LD) (Heikkinen et al., 2017).
One study targeting the ACC also reported decreased cortical
thickness among BD compared to LD (Mashhoon et al., 2014),
while another study found that BD exhibited larger ACC volumes
(Doallo et al., 2014). A large cross-sectional study reported that
BD (n = 134) exhibited smaller volumes and thinner cortical
tissue in total, frontal, and temporal GM as well as thinner
cingulate cortex compared to controls (n = 674). In addition,
within the BD group the number of binges in the previous year
was negatively related to frontal and parietal cortical thickness
(Pfefferbaum et al., 2016).

Subcortical ~ regions  including the  hippocampus,
diencephalon, cerebellum and brain stem also exhibit decreased
volume among BD. For example, smaller left hippocampal
volume in conjunction with greater hippocampal asymmetry in
BD compared to controls has been found (Medina et al., 2007).
Other studies reported brain stem volumes were smaller in HD
compared to LD (Squeglia et al, 2014), and binge drinking
episodes were inversely related to cerebellar volume (Lisdahl
et al., 2013). Conversely, one study reported increased volume
in the ventral striatum and thalamus among BD compared to
controls (Howell et al., 2013). Interestingly, two studies found no
differences between BD compared to controls/LD, but discovered
a BD by sex interaction such that male BD exhibited smaller
volumes compared to male controls/LD in several frontal,
temporal, and subcortical regions, while female BD had larger
volumes than female controls/LD in the same regions (Squeglia
et al., 2012b; Kvamme et al., 2016).

Two longitudinal studies were able to examine structural MRI
changes in adolescents who had a pre-drinking baseline measure.
One reported greater-than-expected decline in cortical thickness
in the middle frontal gyrus (MFG) associated with the onset of
binge drinking (Luciana et al., 2013), as well as greater increases
in several distributed WM regions over 2 years in non-drinkers
compared to BD (Luciana et al., 2013). In a larger sample similar
accelerated declines in frontal and temporal cortical volumes
in BD and slower increases in WM were reported (Squeglia
et al,, 2015). A co-twin study attempted to parse out effects of
drinking from genetic (or other) pre-existing vulnerabilities by
examining co-twin deviations, and reported that reduced volume
of the ventral diencephalon and middle temporal gyrus could
be attributed to drinking, while reduced volume of the right

Frontiers in Psychology | www.frontiersin.org

June 2017 | Volume 8 | Article 1111


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Youth Binge and Heavy Drinking

Cservenka and Brumback

(penunuo?)

AnsuwiwAse
diH WelAybu | pue swnjoA diH ¥o| T aH

SSBUNOIY] [BOILIO DOV Pue Meem Jed
SHULP UsBMIBq UoIIE[eL00 eAeBsu :ag
:00d PUE DOV Ul SSaL I} [eol00 T ag

O4IN pue ‘uAG
a1einbuio ‘fenbuy ‘feliuaosid ul swN|joA
IANM T IV 1O Ul SSBUNOIY} [e01H0D 1 |

Jopew
alym pue AeJb Jo BWIN|OA Je|[ege.ed 0}
payejes Ajosionul sem 3Qg Jo JoquinN :dg

SA PUE ‘@repneo ‘snaunoaid ‘snikB
[espuadisod ‘wnnosedo Jouajul [Bjuoly ‘9go|
oppiw [elodwial ‘YINS ‘SnIAB wioysny

[0 < Qg :efewsyD > ag :elew] uonoessiul
Xog x dnoig ‘dnoub Jo J0oye urew oN

snaunoaid 1yBu swnjoA 1+ qg ‘snJAB
[fenbui) pue ‘snuuefeyl ‘SA swnoA | ag

sesAjeue |0y Ul Of pue DS ‘040
‘DY [enusBgns ur swinjoa t gH ‘sisAleue
INGA Urelg-sjoym Ul sedualayip dnoib oN

sishjeue

ureiq sjoym paoeliooun Ul (2vd) DON
pue ‘(Qvd) H4IN/SNIAD [enusdald ‘(ceva)
D40N/O0V ‘(61 Vd) DOIN Ul 8Wn|oA |
0S[e ‘BWN|OA D4dT1d-PIW Yim UoNe[e1I00
1 uondwnsuod |oyoole Jo Ayuenb

pue peads ‘sisAfeue |OY Ul DOV pue
(6va pue 9r\g) O4d1d-pPiW 8wn(oA | g

AuAisindudl yum uonefe.loo

anirefou 0} anp Pa1os|es [snwiefeyy

Jo ‘fejeured Jouejul ‘D447Q ‘wnjegeleo]
S|OY Ul seousJayip dnob usemiag ON

s|souBelp aouspuadep/esnge
Ou ‘sAep asn [0Yoo[e suwnayi| 09>

sIeak
G 1sed ul 3gg ou pue yeam Jad s)uup g 0} |

UoNAWNSU0D |04ooe ON

Syjuow ¢ 1se| o4} ul 3ad oN

9CcF OV =
$8J00S | [NV ‘peioads jou pjoysaiyl bumuug

L'eFcCe=
$8J00S | [NV ‘Peuioads 1ou pjoysaiyl Bumuug

sIeak Q| 19A0 g> 8100s O-1 ANV

sleak §< 10}

Jnoy Jad syuLp g ueyl alow

ou Jo aoed pue (joyoofe Jo B QL) SHULp 21oyoore
aJow Jo Xi1s Bumuup Alypuow ueyy sse

¥’ F 8% = Yeam Jad syuuq
‘paioeds 10U ploysaiyl Buulg

asn
40 @ouB)SqNS AjUo sB [0Yooly ‘BuiuLp AlYIUo

Syjuow ¢ ise| Joy yiuow Jed s3ag €<

pouad dn-moj|o}
Jeak g Jono uondwnsuod [0Yoo[e paleliu|

SUIUOW ¢ ISE| 8y} Ul 90U0 1ses| 1e 3ag

SUIUOW g 1SB| BUj} 40} Yeam B 90u0 Ises| 1e 3dg

SUIUOW ¢ 1Se| 8Y} J0} 3eem B 80uo ises| e 3ag

SJesh O Jono
(selewsy) < pue (sefew) < 8109 D-1|ANY

sieak < Jo}

4noy Jed syuup

€ 40 ©0Bd UM (joyoo[e Jo B0 1) suup dljoyoore
alow Jo xis Ajypuow (g) HO ‘g(loyoole jo 601)
SHUUP O1|0YOd[e 8o J0 XIS Apeam (1) Jeyng

SUIUOW € 1SB| 8Y} O} 3eom B 8ouo 1ses| 18 3ag

FLEFGLED
L'0F 691 :aH

9LFGle:al

2L F02z:ag
&L F 98l 0q

V'LEF 26 Vg
OLF221L:0

80 F08l}:dg
€LF¢€0c:0

8L+ L'lcad
¥'€FcccO

€e+F6lc:dg
'€ F ¢'cc dlq

€€ F6'1C UHq
O'FFveeO

L'LF¢'¢cadg
AR R AAAS)

€eF6'1c:dg

[Fe)

9l :dH

Le a1

€¢:ag
G¢ 0

0g€ ‘v
090

or :ag
9 O

0¢:ag
610

6} :ag
/¢:d1

GE:aH
[XE0)

L1:ad
0€ 0

0¢:ag

52002 “[e 10 BUIPSN

102 e 18 uooyysen

10z "[e 18 euepM

€102 “[e 18 |uyepsr]

9102 “[e 18 SUILEAY|

€102 “[e 18 [[PMOH

/102 “'[e 18 usupieH

7102 “[e 18 Oleod

9102 “[e 1o BOUEgG

FHNLONYLSOHOVIN HALLVIN JLIHM/AVHO

eSBuIpuly uley

BlI9)1IO S]043U02/q

eL9lIo gH/ag

(as F uesap) o6y

(N)

uonejndod

Apmis

‘synpe BunoA pue syusossjope Bupuup-Aresy/ebuiq ul sbulpul YA [eanonis | | 319vL

June 2017 | Volume 8 | Article 1111

Frontiers in Psychology | www.frontiersin.org


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Youth Binge and Heavy Drinking

Cservenka and Brumback

(penupuoD)

(pl0 steak

1 2-81~) sJeah ¢ ssoJoe pasealoap 4 :dg
‘g|nsdeo [eussiul qui| Joueisod pue ‘YOS
‘HOV ‘ensdeo [eusslul quul| JoUsIUe 4TS
‘SNNoIoSe) 81BulouNn ‘suolielped olueeyl
Jousue 4O4| ‘nueb ‘wniueids ul 4 + ag

dOS Ho| Ul sieisnjo
¥ pue 471S Yol ‘ejpunpad Jejlegeied
alppiw Y8 4O ¥el 4711 bu ui 4 T ag

OLN

1yBU pue Yo pue ‘suenbue sied 1ybu
‘O-4IN WBU DS B ssauspIyl T BukuLg
{win|jegeJtad swnjoA | Buuuq

'DAA ¥e| pue BAwy ‘91 ybu

pue ya| ‘O 1A WbU pue Yoy ‘suenbuety

3dg
10 AIolsIy ou pue sousiadxe BUMULP [eLIUIA

syjuow g 1sed ey} U [0} SYULP £>

Jeak 1sed ul3ag €<

syjuow g 1sed u 3ag + <

dn mojjoy 16 3ag JeeA 1sed papodal

dN F 6°0¢ ‘Oq

dN F 6°0¢ ‘ddq
80F€LLD

2'0F 1'8l:dg

VAREIS]
i43e]

¥1:dg

5E102 “[e 1@ snqoder

26002 “'[e 18 snqooer

JHNLONY.LSOHOIN DONIOVINI HOSNIL NoIsnddia

sted 1ybu ‘O-4N 1YBU ewnjoa 1 Bupuug %01 ‘B|CfereA SNoNURUOD Se pejess} Bumulg 6'0F ¥9lq p96 (GL0z “le 1o uosiinn)
0CFE€LL0q 650
M DD Pue suod uj esealoul sse| = qH
{$9211109 [eJodwia} UOISEBO20 8UO UO JoAS WNWIXeW SHULP G> BLSIIO
pue ‘[eyuol} [eseye| ‘fejuosy awnjon T aH ‘obeION. UO SHULIP 2~ YIM YuoW/X | > Yulg I} 104 (G102 “[e 19 Blbenbg) ul | ainbiy 883 6L F 96l ‘AHq G/ aH G0z “fe 1o elbenbs
9LFCLEOq 0¢ O
SWIN|OA WSS
urelq ‘erepned 1 ‘skep asn [oyodfe | :aH
‘{Wiels Ul pue ‘eyepned UOISEBOD0 U0 UO JoAS WNWIXEW SHULP G> BLIIO
"O1N D11 *O0A Hel swnjon T aH ‘obeIOA. UO SHULP 2~ UM URUOW/X | > Yulg I} 104 (2 10z “'[e 18 elfenbg) ul | einbl4 803 0¢F 08l :AHq 0c ‘aH 7102 “[e 10 'llbenbg
FLEF 08 Al oe:di
OOV [eis0l Ya| pue ‘940
[elpaw Yo ‘sienalo sted ya| ‘ejod [ejuody ul
[0 < ag erewsyD > ag :elew] uonoessiul 3ag
Xx8S x dnois) :dnoub Jo 10aye urew oN awiay| ou ‘syuow ¢ 1sed ey} Ul [e10} SHULP £> syuow ¢ ised ur3ag 1< 8'0F 2’8l :ag 62:d9 az10z ‘e 1o e|benbs
¥'¢F Gl 29 a1
SSOUNOIY} [eDILI0D [B}oLEd PUE [81UOI
0} parejal Alpniebau sebulq Jeah 1sed :qg
1$9011100 81eINBUId pue ‘[elodwel
‘[e3UO} Ul SSBUMOIUY T dg S80H00 910¢
fejoduwis} pue eyuoy ur swnjon + ag 3dg swiisl oON 3Qg Jeek ysed | ises) Iy 0¢c+ 98l :ad el :ad “'[e 18 wneqguayeld
(N)
eSBulpuly ulepy B8} sjonuod/ql eus1o aH/ag (as ¥ ueap) aby uonendod Apms

panunuoD | 1 31avL

June 2017 | Volume 8 | Article 1111

Frontiers in Psychology | www.frontiersin.org


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Youth Binge and Heavy Drinking

Cservenka and Brumback

uup Jad joyooye 8ind JO (SWEIB | ~) Seouno 9'Q YIM SYULIP 8J0W 10 G JO SauUlfepIinb Yy\/IN O3 JejILUIS SI [O4OOe JO B0 L YIM SYULD XIS o
'sseeh g 10} pemoyjoy sired uimy onobAzouow gt o SiSISU0d APNS |,
Arewiwins Jua.Ind 8y} Ul pepnjoul JoU Si 8sn BuenfliewW pue [04oofe AAeay pauiquiod yum dnoib v/ ,
Juiod ewl JUBWSSaSSE feul je 8by

"PaIYIoadS 8SIMIBYIO SSBIUN ‘SI0.3U0D/JT 01 SAJERY »
"pasea.oul 10 iejealb ‘| [paseaosp 1o ssel ‘4 Lenew ayym WM
‘winjeL}s [equeA ‘S ‘fuofeydaousip fesiusA ‘DA ‘SniAb fejodwe) Jouedns ‘6| S feale Jojow Arejuswieiddns ‘WS Sninolose) [euipnybuol Jokedns 47S fsniAb jeiuoly Joledns ‘H4S fejeipel BUOIOD Jokedns ‘YOS ‘1seleiul jo uoibal |0Y
‘BlEIpRI BUOIOD J0LIB)ISOd ‘HDd X81100 8]8/nbuld J01i81sod “D0d ‘SniAb [eluo.y [eiquo ‘OO Xepul UoiSiadsip uonejusLo ‘|qo ‘SniAb [eijodws) sjppiw ‘O ‘SniAb [eiuoy [eipaw ‘H-epy ‘SniAb [eiuoly sjppiul “O-4p\ ‘SniAb [eydiooo sjppiuw
‘DO ‘sniAb areinbuio ejppiw “DOW SiexuLp 1Bl ‘g7 ‘SniAB feiodwe) Jousjul ‘5] ‘Sninodjose) [edind0-03uoly J0LBJUI O] ‘ShINJIoSE) [euipnyBuol d0U8jul 4| Xapoo Jensul ‘Of ‘sndweooddly ‘diH siexulp Aresy ‘gH Jenew Aeib
‘WO Adososiue [euonoel ‘v Xei00 [ejuoeid [eis]ej0sIop ‘D4471d {Wnsojed sndiod ‘D0 S|0JU0D ‘D) [Sejewis) 40} UOISBOO0/SHULIP 1< ‘Se[eul 10} UOISBOO0/S)ULIP G< SB paulsp ‘eposide BupuLp abuiq ‘3ag ‘s/aexulp ebulq ‘qg ‘ealy
S,uuBWPOIg /g ‘WUO) HOYS Ws)l & — 1S8)} UOIBOYIUSPI J8pIO0SIp 8SN [0YOJR D1 dNY 1S81 UOHBIYIUSpP! SI8pJOSIp 8sn [oyoofe ‘1 1dNY ‘efepbAwe ‘bAwy ‘sioenur joyodse Iy ‘ejeipel euoiod JoLsue ‘HOY X800 ayeinbulo dousjue ‘D0y

6'¢F L€C O 8¢ 0
Aioisiy ebuig
Ynm pajejpuoo Ajpasod |Jo SA 4 g
‘lao
JOMOJ JO suoIfas Juadelpe Ul NAA [EQIIOD
ul Aysuep ejunau | ag ‘D [eleled ul
IJO | pue N9 [BOIL0D [ejuosy Ul ido T ag syjuow g ised ur 3ag oN SYIUOW g 1se| 84} 10} Xoam e S0UOo 1Sed) Je 3ad SvF0¢cad 8¢ :dg 2102 “[e 18 SLION
6'0F 08I0 710
(1e303 s1e3sno 8 1) 471 PUB "HOd
‘alounpad Jejjegesed Jouadns ‘ejounpad
Je||9gIe0 JoUajul ‘SI[eululIs) euls /
X|UI0} ‘ainsdeo [eulsixe ‘einsdeo [eutaiul JO 3ag
quuij Jouslsod 473 ‘00 YOV Ul v4 T dg Jo Aoisiy ou pue sousLedxe BuBULP [BULILIA syjuow ¢ ised u 3ag 1< L0F 1’8l :ad ¥1:ag 6002 "'[e 18 Aussnboly
'L F 98l 0q gc 0
pouad dn-moj|o}
404 pue a1epned [esiop Ul 4 1 |y uondwnsuoo |oyoofe oN Jeak g Jono uondwnsuod [0yoofe pajelu| v'LF 26k Vg 0g IV £10Z “'[e 10 euelon
(N)
eSBuIpuly ulepy BLI91LID sjouod/q eusa)io gH/ag (s F ues) aby uonendod Apms

penujuoD | | 31aVL

June 2017 | Volume 8 | Article 1111

Frontiers in Psychology | www.frontiersin.org


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Youth Binge and Heavy Drinking

Cservenka and Brumback

(penunuoD)

80F9LL:D och
Buipoous [pAou Buunp AlAloe (0102 ‘e 10 Bungsuemyos ul | aj0er 0L0g
[endiooo 1 “Idi/1dS/94N/94S { :ag Ul slielep 893) sypuow o1y} jsed Buulp oN quiened ag feoldAL '0F '8l :ad agct “[e }o Bungsuiemyos

June 2017 | Volume 8 | Article 1111

¥'LF 221 @1 dn-mojio4
6L F §'8} :aH dn-mojjo4
LLF Ly) @ eulesed 00¢
INMA Buunp dn-mojjoy 0}
aulleseq wol Ayanoe ejered-ojuoy | :aH €210z “[e jo elbenbg ur | einbl4 eeg ez 10z “[e 1o elfenbs Ul | ainbl4 8eg €'} F L'GI :aH suleseg aH 0c ©Z 10z “[e 1o e|benbs
6'0 F L'8} sefewed O
OFF L LI S8BN O

O} F8°LI 'seewed g 06S
INMS Buunp [ejodwisy
“Jeljeqeleo ‘feyuoy) | 10 ofeN "SA ag oeiN
INMS Buunp [eiodwsy ‘ejjegeieo ueos
‘leyuoly 1 10 efewa "sa g ofewsa syjuowl ¢ jsed ur syuup g> 210§9q SYUOW ¢ Ul 80U0< uleyed ag /°0 F 1’8l e ag ag oy 1102 “[e 10 elfenbg
9CF91IC0 09l
Jnoy/syuup g> peeds je Meam/sawll} £—z> “noy/SYulp
Alowsw Buppiom Buunp yiNS-a4d | :ag UOISBO00/SHULP G> ‘Liuow/shep 0g—| suelq 2< 10 paads Je uoIses00/sSHuULp 9< 8’| F 602 :a9 agol 2102 “'[e 19 elpuedwe)

Z'LF 921 :@1dn-mojo4
8'L F G'8l :aH dn-mojjo4
Z'LF L'yl g1 euleseg aioe
05 "SA
050N 0} BUIeseq Je SS9| INg ‘dNn-mo||o) 18
Aunioe sejjegeled pue [eyeled-ojuol | :aH £10Z “[e 19 |Ueyiep Ul | einbly 803 €102 “[e 19 [HeLep Ut | eanbl4 883 'L F L'p) :QH euleseg aH oz €102 “'[e 18 [IUeyiep
v F85e:al alzr
050N pajie} Buunp

Aynnoe efepBAwe ‘egoj fepdiooo | :aH 1iany uo /> 1any uo 8= € F Lve:aH aH 6+ 9102 “[e 10 elleUBdWED
Pleem/eoM= ag
Meam/SHULP 8< :Sa[ewo L'LF8°0¢ Al aioe
050N 1084100 Buunp AyAioe UOISBDD0/SHULP Z> 8uWNSU0d
B|Nsul JOLBIUE ‘DI8N/O0V ‘04d1a ¥ :aH pue Meem/sewill £> Yuup 0} peroadx3y Medm/SHULIP G| < :Sole|N 'L F 20caH dH te 7102 e 10 sewy
O'LF88k:al aioe
0HON 1081100 Buunp AyAioe 918 ‘O4IN syuow g Buipaosid uj gc__mzma ag yim syiuow 9 Buipeosaid
‘ledweooddy ‘[eyeped ‘YNS OOV T :dH  SMeem 8y} jley> Muelp :dny ised Jo Jusino oN ul sx@em eyl Jley< Muelp 1o anvy SOFO06k:aH dH 99 €10g “'[e 19 Ipewyy

Frontiers in Psychology | www.frontiersin.org

(N)
esBulpuyy uley BLI9}ID S]03U02/qT eLLI0 aH/ag (as ¥ ueapy) a6y  uone|ndod Apms

‘s)npe BunoA pue syusossjope Buulp-Aneay/ebulg ul sBupul |4 | 2 319V.L



http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Youth Binge and Heavy Drinking

Cservenka and Brumback

(penupuoD)

SOND MULP-}OS "SA [OUOD[E JUBAS[SLII-YSE}

Meam Jad (Uoiseao0 | uo yoes B} jo
|OYOO[e JO SHUN YyoIN( piepuels aiow Jo 9

Jo soussaud ul Ayanoe IA | :aH V/N o)) eBuig | < ebelone UO eenm/SHULP G| L'cFele aHzet G102 “[e 18 yosnaly
90 F ¥'61 :d1NHS
0L F¥6'8L:d1dHd
L'0F 2’6l AH NHA aioe
$S8NO [0YOO[e-UOU "SA [OYOO[e 0} AYAII0e sypuow g Buipedeaid ul gEmt&Q ag yim syiuow 9 Buipeoaid
Jensul pue ‘[epuol) ‘[ensin olquil | g SXeem 8y} Jley> uelp ‘any ised 1o Jueiund oN Ul $e9M 8U} Jley < Muelp Jo any 8'0 F €61 :dH dHd aH se €10z “fe 10 Jebeq
ALIALLOV3Y 3ND TOHOITV
g’} F 29} 10 dn-mojjo4
€'l F 691 :ag dn-mojjo4
8’0 F 8’7} ‘O dulleseg [OJVA"
Buisseoold premal uim poued Aep 0 SWES 8y} UIYIM SHULP < JO
ou 'sA um Buunp AyAnoe Jejlegesed 1 :ag SAlBU-90UBISONS PUE 0400 SUOISEDD0 [E]0} Z< PUe uleped gg euo< L'l F 67| :ag euljeseg ag /i GLOZ “'[e 10 Bjusnias)
VEF L'vC O Ole
Yse} 8210Y0-AxsL Buunp pejussaid syjuow ¢ jo poued
MOBQPe9) USUM SBOI0UD AMSLI UI 95B8I089D B JOAO YoM B 20U0 1ses| e ‘pouad y-g
unm pereroosse Apninoe o4 | :ag Paquossp 10N € Ul (Se[ews} 10} 9<) SS[BW JO} SHULP 8< §e+cec:ad agek 7102 “'[e 1© 9GUOM
F'EF 021 20 dn-mojio4
g+ F L1 :ag dn-mojjo4
'L F 671 1O auljeseg ocl
Buew uoisiosp
afes s Asu Buunp usine. pue suljeseq
18 AyAnoe [edodwe} pue [ejeued-ojuoly sAep 06 1Se| 8} UIYIM SHULP < JO
1 ‘dn-mojjo4 ye Aunioe [erewss fesiop 1 :ag BAlBU-90UBISqNS PUE 0400 SUOISED20 [E}0} £< PUE Uleyed g auo=< Z2'L F 611 :ag euleseg agel 9102 “[e 10 seuor
LOF L'LLO ok
19| ul Bufew uoisioep yuow
Buunp AlAnoe ensul pue eepbAwe | :qg BAl_U-|0YOON 1sed Ul 80UO 1SB8| JB UOISBO00/SHULIP G< SoF e/l :ad agvi £10g “'e 1o oerx
DNISSIO0Hd QHVMIH/ONIMVIN NOISIOAA
¥'0F L8H:d1 ailee
uopIubo2al 1984400 Buunp BNsul 1 :ag
Buipoous
1004109 Buunp Ayanoe edwedsoddiy sypuow g Buipedaid u gEmer ag yim syyuow 9 Buipedeud
‘O] ‘fejeued Joussod ‘D441A + :Ag  SHEIM BU Jley> MUEIp {dNY ised Jo Jusind ON Ul $99M 8U} Jley < Muelp Jo any 9’0 F 68} :aH aH ee arLog “Ie 1o Jebeq
60F8LLD o4
Buipoous [pAou Buunp
AuAnoe sniAB [ejuoly Jousul ‘erenbuio sesn 102
‘sneunoeld 1 ‘eleed-ojuoly | :Qg  |OYode swiay 0G> sesn euenluew awnay| 6> SUJUOW 881y} 1Se| Ul QEmth ag eoidAL 8'0 F 2’8l :dg agol “Ie 10 Bungsulemyos
(N)
eSBuIpuly uley BLI91LID sjouod/q eudud aH/ag (as ¥ uesy) o6y  uonendod Apmis

panunuoD | 2 31avL

June 2017 | Volume 8 | Article 1111

Frontiers in Psychology | www.frontiersin.org


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Youth Binge and Heavy Drinking

Cservenka and Brumback

(@ €= an) dn-mojjoy 1 SiexuLIp eesapow paufewa.l pue auljeseq e SiaxuLp elelapow se papels oym spuediolred pue ‘(JH €= an)
dn-mojjoy e BupuLp Aresy Opul PEUOKISUBL] PUE BUI[SSE] 1B SIDMULD 8jesapow eiem oym siuedioied (JH &= dH) dn-mojjo} Je Siaxulp Anesy paulewsl pue suliaSEq Je SisxuLp Areay se peLiels oym sjuedjolLed pepnjoul sanolb ee.y/ ,

“SejBLUB) 10) UOISBOO0/SHULIP < ‘S8few J0f UOISBO00/S)uLP G< ‘Ulened gg q

‘paLIoads asIMIBYIO SSajUN ‘S|0.3U0D/(JT By} 01 dAERY e

pasea.oul 10 Joealb ‘| [pasesiosp Jo sse| ‘I Aiowew Bupiom [equen ‘WA ‘Bale [eluswiba) [ejusA ‘vIA
Muowsw Buptiom [eneds ‘WS sniAb [eiodwsy Jouedns ‘0 S ‘einqoy [ejered Joledns “14S ‘eale Jojow Aejuswis|ddns ‘NS ‘SniAb [ejuo.y jousdns ‘H4S sniAb [eiodws) sjppiw ‘O 1\ [SnIAB [eluoly [ejpawl ‘O ‘SniAB [eyuo.y sjppiu
O ‘SIeqULID 81 IepOW ‘G ‘SiexuLp 1ybl ‘g ‘einqoj [ejeLed JoLsjul “Id| sel Buljquies) Bmoj [ 5] [SniAB [ejuo.y joLsjul ‘D] ‘siexuup Aaeay ‘gH ‘ensod Aioisiy Ajiue) diHH ‘eanebau Aiojsiy Aiwe) ‘NH- Xepioo [euoyeid [eie)ejosiop
‘D4d7a sj04u02 ‘D ‘uspusdep-fers| usbAxo poojq ‘G104 ‘Siexuup ebuIq ‘ag 1Se) UORBOLUBP! SIBPJOSIP 8SN [0YODJE | [dNY 4epJosip 8sn [oyodfe ‘any ‘elepbAwe ‘BAwy ‘eouspusdsp joyode gy Xepod 8jeinbulo JoLsiue ‘DY

D4 bU Ul | ‘DS felsrelq ul 1 :dg

90UBUNSTE JO Yuow | Joye
SOND [0UOO[B-UOU “SA [04OD[R O} AlIAIIOR
Jejjegelsd pue DOV Ul seousisyip 1 :aH

JNOY/BSOp |.> {¥98M/UOISEO00 | > ‘ABp
Bupuup uo joueyle aind Jo 6| J0 Sesop g>

swoydwAs [emelpyim [oyodle Jo uleed

ag Jo Aoisiy ou ‘seposide Buuup swnay| G>

Jnoy/sesop
2< >0am/sU0ISE000 g< ‘Aep BupuLp
uo [oueys aind Jo 6O} Jo sesop G<

swioydwiAs

[EMeIPYIM [O4OD[e JU8d8) | < PUE ‘(Apnis
210J8Q S¥EeM Z Ul | <) nchmtmn ag yuow
1sed < ‘seposide Bupuup awnay 00 <

Y Fv'e€c0 och

SvFeve:ad agzch £10z “e 1o ebeinepy
ONISSTO0Hd TVNOILOWI-0ID0S/3AILINDOD-0ID0S

LOF¥VLLO o6l

L 0F 6L :AH aHce G102 “[e 18 Moequnig

odN
60 F S8} ‘AN &« AN «anel
aH
¥'0F '8l ‘AH & dN &« dn vl
‘av 10}
eLaIIO BUIIedW JBASU PUB ‘YIUOW/SHULID
08> BuiBelane ‘syeem 9z snoinaid
ay} Jo g1 > uwiened ag :aiN ‘Buuueos
810§0Q SUIUOW 9 BU} Ul (e8m/SHULP /)
SOND |0YOO[B-UOU "SA [OYOO[E O} AYAIOE yuuowl/syuup Q< Buibelane pue ‘syoem aH
Jejnsul pUe [eyer}s-ojuoy | :aH & di V/N 9z 1sed aup Jo €1 < guiened ag :dH 8'0F L8} 'AH & dH &« dH 9l ey 10z “'[e Jo JobeQ
(N)
eSBuIpuy uley BLI9JLIO S]0AU00/AT el gH/ag (a@s ¥ ues) a6y uonejndod Apms

penuiuo) | g 31avL

June 2017 | Volume 8 | Article 1111

Frontiers in Psychology | www.frontiersin.org


http://www.frontiersin.org/Psychology
http://www.frontiersin.org
http://www.frontiersin.org/Psychology/archive

Cservenka and Brumback

Youth Binge and Heavy Drinking

amygdala and increased volume of the left cerebellum appeared
to be pre-existing vulnerability for the onset of drinking (Wilson
etal., 2015).

Taken together, binge drinking appears to be largely associated
with decreased volume and accelerated thinning in the frontal
and prefrontal cortices and slowing of expected WM increases.
Allocortical and subcortical regions may reflect some specific
positive associations with binge drinking (e.g., ventral striatum),
and there is some evidence that male and female BD may exhibit
an inverse relationship in some frontal and subcortical regions.

GM and WM Microstructure

Among alcohol dependent adults WM integrity tends to be
weakened (Pfefferbaum et al., 2006), but fewer studies have
examined the effects of binge drinking on WM and GM
microstructure (see Table 1). Each study among non-dependent
BD has reported WM integrity deficits compared to LD/controls
across the majority of WM tracts (Jacobus et al., 2009; Mcqueeny
et al., 2009; Bava et al., 2013). Longitudinal studies also support
decreased WM integrity among individuals who initiate or
increase binge drinking, showing additional declines in fractional
anisotropy over time (Jacobus et al., 2013; Luciana et al., 2013).
A recent study examining both GM and WM microstructure
utilizing orientation dispersion index (ODI) reported that BD
had lower ODI in frontal GM but higher ODI in parietal GM
and in the ventral striatum (Morris et al., 2017). Thus, overall
it appears that binge drinking is associated with decreased
WM microstructural integrity, but may be selectively related to
increases in microstructural GM in a brain region associated with
reward seeking.

FUNCTIONAL MAGNETIC RESONANCE
IMAGING (FMRI)

As structural abnormalities have been related to heavy alcohol use
during neuromaturation, it is important to understand whether
these findings translate to alterations in the functioning of
brain systems across different cognitive domains. We discuss six
areas that have included studies of BD/HD: response inhibition,
working memory, verbal learning and memory, decision making
and reward processing, alcohol cue reactivity, and socio-
cognitive/socio-emotional processing (Table 2). Further, in order
to focus this section of the mini review on task-related functional
magnetic resonance imaging (fMRI) studies, we excluded
discussion of functional connectivity (Gorka et al., 2013; Weiland
et al., 2014; Morris et al., 2016), acute alcohol administration
(Filbey et al., 2008), machine learning (Squeglia et al., 2017),
treatment (Feldstein Ewing et al., 2016), and neurofeedback
(Kirsch et al,, 2016) studies that included young BD/HD, as well
as studies where binge drinking was examined, but was not the
main variable of interest (Glaser et al., 2014).

Response Inhibition

The ability to inhibit a pre-potent response or have self-control
over impulsive actions is a central facet of executive functioning
(Diamond, 2013). Several studies have identified deficits in
response inhibition and its neural correlates in individuals with
AUD (Lawrence et al, 2009), and these investigations have

extended to adolescent and young adult BD/HD, most of which
have used Go/NoGo tasks. For example, in a study of 18-20 year
old college students, HD showed slower reaction times on both
correct Go hits and incorrect NoGo false alarms (Ahmadi et al.,
2013). LD had greater response in ACC, supplementary motor
area (SMA), MFG, parietal lobe, hippocampus, and superior
temporal gyrus (STG) than HD during NoGo correct rejections,
suggesting decreased inhibitory control brain activity in HD in a
set of brain regions that underlie cognitive and impulse control
(Ahmadi et al., 2013).

Variations of the Go/NoGo task have used alcohol-related
images as NoGo stimuli and non-alcoholic beverages as Go
stimuli. Ames et al. (2014) demonstrated that compared with
HD, LD had better Go/NoGo task performance as indexed by
d-prime. HD had greater activity in the dorsolateral prefrontal
cortex (DLPFC), ACC, and the anterior insula than LD during
NoGeo trials, suggesting greater reliance on executive functioning,
error monitoring, and emotional interoception regions during
inhibitory control (Ames et al., 2014). Another task presented
the traditional letters used in Go/NoGo tasks overlaid onto black,
neutral picture, and alcoholic photo backgrounds. While there
were no effects of background context, college HD displayed
greater activity in visual and emotional processing regions, such
as the amygdala and occipital lobe during failed inhibitions
compared with LD (Campanella et al., 2016).

In one longitudinal investigation, HD had greater fronto-
parietal and cerebellar activity during response inhibition relative
to controls at follow-up but reduced activity in these same
regions at baseline, suggesting both markers of vulnerability
toward heavy drinking and altered executive functioning activity
after the initiation of heavy alcohol use (Wetherill et al., 2013).
Task-related fMRI studies have largely reported that HD/BD
have increased fronto-parietal and cerebellar response during
successful inhibitory control and increased emotional and visual
response during unsuccessful response inhibition (except for
Ahmadi et al., 2013).

Working Memory
Another key component of executive functioning is working
memory (WrkM), the ability to maintain and manipulate
information during a short time span (Diamond, 2013). WrkM
has been linked with adaptive decision making and deficits in
WrkM are associated with vulnerability toward addiction (Nagel
et al, 2012). An fMRI n-back task of WrkM was completed
by university BD, who showed larger pre-SMA WrkM-related
activity than controls, suggesting greater attentional resources
devoted to performing the task by the BD to maintain equal
performance with the control group (Campanella et al., 2013).
Some studies have reported that sex differences may also be
present in WrkM-related activation between male and female
BD. Female BD had less spatial WrkM activation in several
frontal, temporal, and cerebellar regions compared to female
controls and this was linked to poor behavioral performance
in the BD, a pattern opposite to what was seen in male BD
relative to male controls (Squeglia et al., 2011). The authors
argue that this may suggest female vulnerability toward the
neurotoxic effects of binge drinking during active periods of
neuromaturation.
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While longitudinal research is sparse among fMRI studies
of BD/HD youth, one study reported reduced baseline fronto-
parietal activity in adolescents who later transitioned into heavy
drinking. However, HD showed significantly increased activity
in these areas at a 3-year follow-up relative to baseline brain
response (Squeglia et al., 2012a). Overall, these studies suggest
mostly greater WrkM-related brain activity across fronto-parietal
regions in BD/HD relative to controls, but some exceptions may
be present when examining sex differences and pre-drinking
vulnerability.

Learning and Memory

Deficits in learning and memory have been previously reported
in individuals with AUD (Pitel et al., 2014), and in investigations
of BD youth (Carbia et al., 2017). In the first of three studies
examining neural response during verbal or figural encoding,
Schweinsburg et al. (2010) found that while learning novel
word pairs, BD showed elevated superior frontal and posterior
parietal activity compared with controls, a finding that was
closely replicated in a subsequent study where BD had greater
fronto-parietal activity during novel encoding, with some areas
displaying reduced activity relative to controls, such as the
inferior frontal gyrus (IFG), precuneus, and ACC (Schweinsburg
et al., 2011). These findings suggest some degree of neural
reorganization in BD that results in increased reliance on fronto-
parietal regions while learning novel word pairs, and decreased
activity in other regions.

Pictorial as opposed to verbal stimuli were used in a study of
college HD who demonstrated similar patterns of brain activity
to previous studies of adolescents, namely greater fronto-parietal
activity during encoding of novel stimuli, as well as greater
hippocampal response relative to LD (Dager et al., 2014b). This
study also examined brain activity associated with recognition
for the first time, and found less insular activity during correct
recognition in HD vs. LD, a finding the authors believed could
reflect less arousal during correct recognition or a different task
approach that resulted in similar task performance (Dager et al.,
2014b).

Decision Making and Reward Processing

A number of studies have investigated the neural correlates of
risky decision making and reward processing across monetary
decision making tasks in young BD. A study using the Iowa
Gambling Task found that compared with their peers, adolescent
BD had greater insular and amygdala activity, suggesting greater
emotion-driven decision making in the BD (Xiao et al., 2013),
but this task did not permit the dissociation of decision
making-related activation from reward processing. A subsequent
longitudinal study used a modified Wheel of Fortune Task,
in which BD showed reduced dorsal striatum activity during
risky vs. safe decision making, and similar to previous studies,
reductions in fronto-parietal activity preceded the onset of heavy
drinking (Jones et al., 2016). It is possible that feedback during
risk taking could modify behavior and cognitive control as young
adult BD decreased their risk taking when they were presented
with information about potential monetary losses, and this was
associated with increased recruitment of IFG (Worbe et al., 2014).

Finally, processing of reward receipt was related to decreased
cerebellar activity in a longitudinal study of BD, suggesting
blunted reward and affect-related responses as a result of heavy
episodic drinking (Cservenka et al., 2015). Based on these results,
a general pattern that is emerging is related to alterations in
cognitive control and emotional processing brain regions that
may be modifiable when feedback about the consequences of risk
taking are presented.

Alcohol Cue Reactivity

Alcohol cue reactivity studies have found greater neural response
in reward and emotional processing brain regions among
individuals with AUD (Heinz et al., 2009). Alterations in
motivational neurocircuitry are associated with AUD (Koob and
Volkow, 2010) and have thus been investigated in young adult
and adolescent BD/HD. Dager et al. (2013) reported that young
adult HD had greater neural activity in response to alcohol-
related images in widespread areas comprised of limbic, visual,
frontal, and insular regions compared with LD. Further, in a
task where participants were instructed not to focus on alcohol
cues, ventral tegmental area activation was elevated in young
adult HD compared with neural response seen to soft drink
cues, suggesting automatic processing of alcohol-related stimuli
that may increase motivational drive in mesolimbic circuitry
(Kreusch et al., 2015). Interestingly, response to alcohol cues
may be used to predict drinking behavior in young adult HD
as those who showed elevated response in fronto-striatal areas
and the insula subsequently transitioned into heavy drinking
(Dager et al., 2014a). A longitudinal study of adolescent HD
showed that increased brain activity to alcohol cues in HD vs.
controls diminishes with abstinence from alcohol, indicating that
a decline in risky drinking may modify brain activity in response
to alcohol-related stimuli (Brumback et al., 2015). Across these
studies, there is evidence that mesolimbic and motivational
circuitry may be important targets for studies designed to reduce
response to alcohol cues in adolescent and young adult HD.

Socio-Cognitive and Socio-Emotional

Processing

Research on the effects of binge and heavy drinking on the
developing brain are limited in other domains, such as socio-
cognitive and socio-emotional processing. While recent meta-
analyses highlight deficits in social cognition in individuals with
AUD (Onuoha et al., 2016; Bora and Zorlu, 2017), there are a
lack of fMRI studies in this area within young BD/HD. In one
study, young adult BD categorizing vocal affective stimuli had
less activity in STG, but more activity in MFG compared with
their peers (Maurage et al., 2013). Given the large gap in the
literature specifically focused on socio-cognitive processing in
young BD/HD, future research should further investigate this
domain.

CONCLUSIONS

Binge drinking among youth is associated with smaller/thinner
cortical and subcortical structures and decreased WM integrity.
Consistent across many fMRI studies of cognitive control,
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WrkM, and verbal learning, young BD and HD show greater
reliance on fronto-parietal systems while performing these tasks
(Schweinsburg et al., 2010, 2011; Squeglia et al., 2012a; Wetherill
et al., 2013; Dager et al,, 2014b). Executive functioning and
emotional processing systems are important networks for future
investigations related to decision making and reward processing
(Xiao et al., 2013; Worbe et al., 2014; Cservenka et al., 2015; Jones
et al., 2016), while mesolimbic circuitry is likely involved in the
elevated response to alcohol cues in young BD/HD (Dager et al.,
2013, 2014a; Brumback et al., 2015; Kreusch et al., 2015). These
findings suggest there may be neural alterations as a result of
heavy alcohol use or neural risk markers related to vulnerability
toward heavy drinking during adolescence and young adulthood.
While some findings have been replicated, greater efforts are
needed for consistency across task variations, analyses reported,
inclusionary criteria for BD/HD, as well as longitudinal studies of
this topic.
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