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Synopsis The m amm alian tongue is a muscular hydrostat composed of mu lt iple musc les, eac h with complex fiber arc hit ecture 
and sma l l moto r uni ts. This a l lo ws it to mo ve a nd def or m in t hree dimen sion s (3D) to function in s e veral co mplex behavio rs, 
inc luding suc kling. The ab ili ty o f infa nt ma mmals to s ucces sfu l ly suckle is dependent on these variable defo rmatio ns, as the 
to ngue must perfo rm mul ti ple functio ns simul tan eous ly. Th e lateral mar gin s of the tongue curl to seal around a nipple, while 
the middle of the tongue moves in an ant eropost erior wave t o suc k mi l k into th e m ou th, transpo rt i t posterio r ly, an d swa l low it. 
Th e kin ematics, m echa nics, a nd coo rdinatio n o f the to ngue d uring suckling are imp acte d by nipple properties, as evidenced by 
differences between fe e ding fro m ni pples wi t h nar row d ucts (e.g., b reast fe e ding) a nd nipples that a re hollow cist erns (e .g., bottle 
fe e ding). These st ructura l differences result in different fe e ding ou tco m es, yet th eir effect on tongue function and kinematics 
is p o or ly un der st o o d. In addi tio n, desp i te th e 3D s hape of th e to ngue d urin g sucklin g, m easurem ents o f to n gue mov ement 
have been limited to motion along the midsag itta l plane and have not as ses sed s uc k volume . To evaluat e how t o ngue functio n 

differs between ducted and cisternic nipples, we used X-ray Reco nstructio n o f M oving M orp ho logy and a d y namic endoc ast, 
sy nchronized w ith int raora l suct ion, to quant ify 3D tongue kinemat ics an d suck volum e. We foun d that pigs gen erated less 
suctio n bu t had greater suck volumes when they fed on cisternic nipples comp are d t o duct ed nipples. Thi s i s li kely be cause the 
p igs co mp res sed the cis t ernic nipple t o express mi l k, resu lt ing in hig her flow, w hich we hypoth esize s lowed th e accum ula tion 

o f suctio n and permi tt ed the t ongue t o ac hiev e a lar g er suck v olum e. Th ese res ults s ugges t tha t nipple design im pacts the 
re lations hip between fluid dynamics and tongue functio n d urin g feedin g. In addi tio n, we found that infants moved the surface 
of their ton gue v ent ra l ly and posteriorly thro ugho ut the suck, b ut th ey did n ot in cre ase t he widt h of t h e suck volum e. Th e use of 
a dig ita l endocast to meas ure s uck vol ume rep resen ts an im portan t advance in our ab ili ty to eval uate th e m echa nics of f e e ding 
and could be used in the future to un derstan d th e re lations hips between tongue fun ction an d per for m ance a s infants m ature, 
as well as in a com para tiv e framew ork. 
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ntroduction 

he m amm alian tongue i s a com plex m uscular hy-
rost at t hat f unctions across s e veral be haviors, in clud-

ng resp iratio n, voca lizat ion, an d m ost n otab l y, fe e d-
ng ( Hiiemae and Cro mpto n 1985 ; Hiiemae and Palmer
003 ; Ludlow 2012 ; Jugé et al. 2023 ). As a muscular
ydrost at, t he tongue h a s no internal bon es, an d th e
uscles of the tongue act to both su ppo rt a nd effect
 ovem ent an d s h ape ch an g e while ma inta ining a con-
 dvance A ccess publicat ion Ju ly 12, 2025 
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tant volume ( Kier and Smith 1985 ). In addition, it
a n def orm a n d m ove in complex three-dim ensional
ays, permi tted by i ts co m plex m usc le fiber arc hi-

ecture and having re lative ly sma l l moto r uni ts ( Mu
 nd Sa nders 1999 ; K ayaliogl u et al . 2007 ; Wrenc h
024 ). These c haract eristics are critical in the tongue’s
b ili ty t o c hange function across behav iors w ithin a
ife s ta ge, but also, to chan g e in function across the
if espa n. 
Society fo r In tegra tive and Com para tiv e B iology. All rights reserv ed. For 
ion righ ts fo r rep r ints. All ot her per mis sions can be o bt ained t hrough 
-for f urt her infor mation ple ase cont act jour n al s.permi ssio ns@ou p.co m 

https://orcid.org/0000-0003-1720-7342
https://orcid.org/0009-0004-4468-9804
https://orcid.org/0000-0003-0402-8388
mailto:elska.kaczmarek@nau.edu
mailto:reprints@oup.com
mailto:journals.permissions@oup.com


2 E. B. Kaczmarek et al .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf130/8197880 by Tufts U

niversity user on 11 August 2025
Th e importan ce of th e ability of the tongue to ad-
just i ts functio n i s perh a ps most a pparen t when ex-
amining how it functio ns d uring fe e ding in infancy
comp are d to adu lt fe e ding. In adu lts, fo o d is acquired
and processed v i a m a st icat io n wi t h t he teet h, and t he
tongue aids in this process by manipu lat ing and posi-
tioning solid fo o ds in the mouth prior to swa l lowing
( Hiiemae and Pa lmer 2003 ; Fei lich et al. 2021 ; Olson et
a l. 2021 ; Laurence-C h a sen et al. 2023 ). How ev er, dur-
in g sucklin g , an essenti al behav ior tha t infan t mam-
m al s mu st per for m to re ach ad ul tho o d , the t ongue is
t he pr im ary structure u sed thro ugho u t the entire p ro-
cess ( German et al . 1992 ; Thext on et al . 1998 , 2004 ; St eer
et al. 2023 ). An infan t’s tongue m ust cur l aroun d th e
nipple to form a sea l, funct ion as a pump to suck mi l k
into the oral c av it y, an d th en m ove in a n a nt eropost e-
rior trav elin g wav e to ma inta in suction a nd tra nsport
mi l k post eriorly t o be swa l lowe d ( Ardran et a l. 1958 ;
German et al. 1992 ). 

Fe e ding in infants i s thu s a dyn amic process th at
r equir es the tongue to function as a complex three-
dimensiona l st ructure. This co mplexi t y c an be com-
pounded by chan g es in the s ens o ry experience o f an
infa nt, a n d tongue fun ction during infancy is known
to vary b ase d on both mi l k and ni pple p roperties. Fo r
example, t he way t hat t he tongue f unctions to acquire
mi l k chan g es at higher v iscosit y ( Mayerl et al. 2021 ),
a nd simila rly, swa l low funct ion, powere d by the t ongue ,
is a ltere d when v iscosit y i s higher ( In amot o et al . 2013 ;
Omari et al. 2013 ). Chan g es in nipple flow rate and
nipple s tiffnes s ca n also a ffe ct the rate of mi l k con-
sumpt ion, a lter m ovem ents of th e t ongue , and alt er
the coo rdinatio n o f the to ngue wi t h ot her structures
( Johnson et al . 2023 ; St eer et al . 2023 ). A co mmo n si t-
ua tion tha t r equir es the t ongue t o ad just i ts functio n-
ing , especi ally in humans, lies in differences in nip-
ple desig n, p art icu larly in r egar d to bottle fe e ding and
breast fe e ding. 

Nipple design a ffec ts tongue func tion and fe e ding
per for m ance becau se it determines wh at mech ani sms
a n infa nt ca n use to acquire mi l k durin g sucklin g. For
examp le, a nipp le that transmits milk in narrow ducts
(a s ch aracteri stic of most m amm al s) r equir es an infant
t o generat e suction t o draw mi l k into th e m outh. In
co ntrast, a ni pple th at i s hollow (a s seen in t he te ats
of cows and goats [ Weiss et al . 2004 ; Vest erinen et al .
2015 ; Adam et al. 2018 ]) permits an infant to co mp ress
the nipple to express mi l k and rely less on g eneratin g
suctio n. Human b reas t tis s ue and bottle nipples lie on
eith er en d of this spe ct rum, and as a resu lt infants use
their tongues differently during breast fe e ding and bot-
tlefe e ding. Th ese differen ces in tongue mechanics are
correl ated w ith s e veral differences in both fe e ding phys-
iology and in he alt h outcomes. For exa mple, infa nts f ed
o n b reasts typ ica l ly s h ow de crease d jaw mot ions and
increa sed mu scle activ it y during fe e ding ( Inoue et al.
1995 ; Aizawa et al. 2010 ), and these b io me chanica l dif-
f erences a re correl ated w i th b reast fe d human infants
h aving decrea sed rates o f maloccl usio n ( Kobayashi et al.
2010 ; Romero et a l. 2011 ; C hen et a l. 2015 ; Peres et a l.
2015 ; Tho maz et al. 2018 ), imp roved speech ou tco mes
( De e et a l. 2007 ; B arb osa et a l. 2009 ; Ma hurin-Smith
and Amb rose 2013 ; Mahurin-Smi th 2015 ; Novaye lin da
et al. 2019 ; Moges et al. 2024 ), and decre ased r isk of car-
diova scular di sea se ( Li et a l. 2024 ), a l l of whic h per sist
for s e v eral y ea rs a fter infa ncy. How ev er, w e hav e a lim-
it ed under st anding of t he f undament a l relat io nshi ps be-
tw een ton gue kinematics, milk flow, and suction gener-
ation and how these relatio nshi ps are imp acte d by nip-
ple type, due to both m eth odolog ica l const ra ints a nd
cha l len g es associ ated w it h me asur ing infa nt f e e ding
function. 

One way to readily compare the effects of a ducted
nipple design to a hollow, cisternic one is to create bot-
tle nipples that differ only in their internal structure
( Fig. 1 ) ( Mayerl et al. 2024 ) (Kaczmarek et al. in re vie w).
When infa nts f e e d fro m a ni pple t hat mimics t he ducted
anato my o f b rea st ti s s ue, th ey gen erate m o re suctio n
and co mp ress the ni pple less tha n when f e e ding from a
cisternic nipple because the ducted nipple does not ex-
press mi l k when co mp resse d ( Mayerl et a l. 2024 ) (Kacz-
marek et al. in re vie w). Nipple design thus impacts the
re lations hip between milk flow and suction generation,
both of which are driven by how the tongue is used to
acquire and transport mi l k. To t ru ly un derstan d h ow
t hese per for mance ou tco mes arise, we ne e d to eva lu-
at e t o ngue functio n when fe e ding on bot h cister nic and
d ucted ni pples. 

Cur rent met hods for me asur in g ton gue kinematics
durin g sucklin g on ly quant ify m ovem ent along th e mid-
s agitt al plane . U ltra sound im agin g alon g th e midlin e
o f the o ral c av it y h a s been u sed to measure tongue
m otion re lative to th e hard p a la te in h uma n infa nts
(e.g., Geddes et al. 2018 ). These studies provide valu-
a ble in sigh ts in to h ow th e tongue fun ctio ns d uring fe e d-
ing, but they are often limited in that they evaluate
on ly two t imepoints in a given suck and in the num-
ber of sucks eva luate d. In studies of non-huma n a ni-
m al s, radio-opaque m a rk ers a re impla nted in a series
a long the mid line of the t ongue , and their posi tio ns are
t racke d in X-ray videos ( Gould et al. 2020 ; Mayerl et al.
2020 , 2021 ; Johnson et al. 2023 ). Th ese m eth ods capture
m ovem en t of an t erior, middle , and post erio r regio ns o f
the t ongue , but on ly a long the mid line, and on ly at cer-
tain po ints alo ng th e midlin e. We do n ot kn ow h ow th e
latera l reg io ns o f the to n gue mov e durin g sucklin g (but
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(A) (B)Cisternic bottle nipple Ducted bottle nipple

20.0mm

Fig. 1 Illustrations of the internal structure of the cisternic bottle nipple (A) and ducted bottle nipple (B). Both nipple types had the same 
size and shape, and the diameter of the nipples at the inflection point was 20.0 mm. 
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e e Ste er et a l. 2023 ). In addit ion, t racking th e m otion
 f individ ual po ints in the to ngue fa ils to account f or
 ow th eir m ovem en t con tribut es t o suc k volume three-
imensiona l ly. 
Th e dynamic en docast m eth od for m e asur in g v ol-

me chan g e ( Ca mp et al. 2015 ; Kaczma rek et al. 2025 )
an be used to address these methodolog ica l gaps and
uantify suck volume (i.e., the po rtio n o f the intrao ral
pace where suction is bein g g enerat ed t o acquire mi l k).
h e dynamic en docast m eth od was deve loped an d
a lidate d for me asur ing int raora l volume during suc-
 ion fe e ding in fis h es ( Camp et al. 2015 , 2018 , 2020 ;
art ner et a l. 2022 ; Li et a l. 2022 ; W hi tlow et al. 2022 ;
aczmarek et al. 2025 ). Dynamic endocasts are cre-

ted from a constel lat ion of v irtu al l a ndma rks that are
laced on, and move wi th, bo ne meshes and/or im-
la nted ma rk ers that a re a nim ated u sing the X-ray Re-
onst ruct ion of Moving Morp ho logy (XR OMM) w ork-
ow ( Brainerd et a l. 2010 ). A simi lar appro ach can be
pplied to measure suck volume and tongue kinematics
urin g sucklin g. 
In this study, our obj e ct iv es w ere t o (1) evaluat e

 ow th e tongue m ov es durin g sucklin g, both alon g the
ids agitt al plane and me diolatera l ly, (2) quant ify suck

olum e an d its re lations hip to suction generation and
ongue kin ematics, an d (3) test h ow nipple design af-
ec ts tongue func tion a nd f eeding mecha nics. We stud-
ed suckling in infant pigs ( Sus s crofa ), a valid ated an-
mal m ode l f or huma n infa nt f e e ding ( German et a l.
017 ). We r ecor ded high-speed X-ray video synchro-
ize d with int raora l pres s ure generat ion whi le infants

ed on both ducted and cisternic bottle nipples, and then
 e recon structed the suck volume using dynamic endo-

asts cr eated fr o m XROMM animatio ns. We p re dicte d
ha t, in com parison to fe e ding on a cist ernic nipple , in-
ants would generate mo re suctio n wi t h decre a sed m ax-
mum suck volumes when fe e ding on a ducted nipple,
 o  
ue to the constraints of ne e din g to g enerate suction to
cquire mi l k. 

ethods 

nimal housing and care 

e obta ined f our infa nt p igs (Yo r ks hire/Lan drace) at
4 h of age (Pr emier BioSour ce, CA, USA) an d h oused
 hem in t he Nort her n Ar izo na Universi t y v ivarium.
h ey were train ed to feed on infant milk replacer

Birt hr ight Mi l k, Ra lco S how, Mar sha l l, MN, USA) and
aised on custom ducted bottle nipples. A nim al care
n d experim enta l proce dur es wer e appr o ved b y the
ort her n Ar izona Univer sity IACUC prot ocol #22-010

 Mayerl et al. 2019 ). 

ipples 

hro ugho ut their infancy, pigs were fed from a ducted
o ttle nip ple th at i s desig ne d to mimic m amm alian
rea st ti ssue (see Kaczmarek et al., in re vie w) ( Fig.
 ). To evaluate the impact of nipple design on fe e d-
n g mechanics, w e a lso fe d infants from a hollow, cis-
ernic ni pple d uring data col le ct ion (detai le d below).
h e gen era l nipple desig n protoco l fo llows m eth ods de-

cri bed by Kaczmare k et al. (in re vie w). Br iefly, bot h
ipple types were cast in silicone using 3D-printed
 olds. Th e ducted nipple is silicone (Ecoflex 00-10;

m ooth-On, In c., Macungie, PA, USA) with mu lt iple
ran ch e d ducts p assing through it, and t he cister nic
ipple is hollow with walls of silicone (Dragon Skin
0A; Sm ooth-On, In c., Macungie, PA, USA). Th e sil-
cone m aterial s u sed to cre ate t h e ducted an d cister-
ic nipples were sele cte d to ensure t hat bot h nipple
 ypes had simil ar s tiffnes s (i .e ., for ce r equir ed to com-
 ress the ni pple by 50%; see K aczmar ek et al., in r e-
iew for details). We also ensured that the flow rates
f the two nipples were similar through ca lcu lat ions
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u sing Poi seu l le’s law and by va lidat ing p assive flow rates
exper iment a l ly. 

Marker implantation 

We an esth et ize d infant pigs u sing i so flurane (2%–4%)
and surg ica l l y imp lante d radio-op aque t ant alum mark-
ers (beads) in mu lt ip le orop haryn g ea l st ructures at 4
and 14 days of age. We used c ustom-c ut plun g er rods
and 18-gauge hyp o dermic ne e d les to inj e ct 0.8 mm
beads and 21-gauge hypodermic ne e d les to inj e ct 0.5
mm beads. We inj e cte d ten 0.5 mm beads and nine 0.8
mm beads in the tongue ( Fig. 2 ), five 0.8 mm beads
in th e su b mucosa o f the hard p a lat e , an d on e 0.5 mm
be ad into t h e s ku l l (subderma l ly, in t he dors al sur face
of th e sn out). Th e beads in the ton gue w ere a rra n g ed
in five co l umns alo ng th e midlin e , lat eral edges, and in
betw een those column s ( Fig. 2 ). We im plan ted an ad-
di tio nal three 0.5 mm beads in the tips of both nipple
types in a triangle pattern. 

Data collection 

Infa nts were ra ised f e e ding o n the d ucted ni pple fo r 23
days (e quiva len t to a pproxima te ly 9–11 m o nths o f hu-
man deve lopm ent, Ei by et al. 2013 ). At 23 days old, we
r ecor ded b i pla na r video fluo ros copy (OEC-9400, G en-
era l Ele ct ric, Boston, MA, USA) with 12MP Redwo o d
v ideo c am eras (IO In dustr ies, Ont ar io, Canada) at 100
f ps as t he p igs fed o n mi l k formu la mixe d with b arium
(E-Z Paque Barium Sulfat e , EZ EM Inc., NY) to make
the mi l k radio-op aque. Sta nda rd grids a n d a cali bra-
t ion obj e ct were use d t o remove dist o rtio n o f the X-
ray images and to calibrate t he t hre e-dimensiona l sp ace
( Brainerd et al. 2010 ). We inserted a pres s ure transducer
t hrough t he nipp le (3.5F M ikro-Tip Catheter Trans-
ducer; Mi l la r Inc., Pea rla nd, TX, USA), extending 1 cm
beyon d th e tip of the nipple to col le ct int raora l pres-
sure data, which we synchro nized wi t h t he X-ray video
using a 16 chann e l Pow erLa b (16–35, ADIn struments,
Colo rado Sp rings, CO, USA) at 10 kHz. All pigs were
fed on both nipple types during the r ecor ding session.
There was minimal variation in b o dy p osition during
fe e ding, an d th ey sto o d wi thou t restraint wi th similar
head postures. We re corde d a pproxima tely 20 swa l lows
per co ndi tio n per p ig. 

We took a co mpu ted to mography (CT) scan of each
p ig post-mo rtem, using an Aquilio n 64 CT scanner
(Tos hi b a, Tokyo, Jap an) with 0.235 mm × 0.235 mm
pix el spacin g an d 0.5 mm s lice thickn ess fo r three o f
the pigs (TD01, TD05, and TD09), and a SkyScan 1273
microCT sca nner (Bruk er, Bi l leric a, MA, USA) w ith
0.052 mm pix el spacin g and slice thickness for one pig
(TD11). 
Data processing 

Sku l l kinemat ics and b ead p osi tio n s w er e r e const ructe d
in three-dimen sion s usin g ma rk er-b ase d XROMM
( Brainerd et al. 2010 ). Mesh models of the sku l l and
t he t ant alum markers were seg mente d from the CT
scan s usin g 3D Slicer v ersion 5.6.1 ( Kikinis et al.
2014 ). The CT coordinates of the sku l l a nd ha rd
p a late beads were obtained in Maya (2024) using
XROMM MayaTools s cripts (de veloped by David Baier
an d Steph en M. Gats e y, available at ht t ps://b i tbucket.
o rg/xro mm/xro mm _ m ayatool s/ ). A ll impl a nted ma rk-
ers were t racke d in both X-ray videos using XMALab
2.1.0 ( Knörlein et al. 2016 ; softwa re a nd inst ruct ions
available a t h t t ps://b i tbucket.o rg/xro mm/xmalab ). Un-
filtere d xyz coordinates of the ma rk ers a nd rigid b o dy
tra nsf o rmatio ns o f th e s ku l l were then exporte d from
XMALab. 

For each indiv idu al , we creat ed one Maya scene (a
“r efer en ce scen e”) tha t con tain ed its s ku l l po l ygonal
m es h, a n a nato mical coo rdinat e syst em (ACS) that we
a lig ne d and p arente d to the sku l l, and a plane that we
a lig ne d and p arente d to the midsag itta l plane of the
sku l l. The ACS was oriented such that the x -axis was
ant eropost erior, y -axi s wa s dorsovent ra l, and z -axi s wa s
me diolatera l. For each t ria l, we create d Maya scenes
that r efer en ced th e r efer en ce scen es, tha t con t ained t he
t racke d xyz coordinates of the ma rk ers, a nd in which
th e s ku l l m es h wa s anim a ted by a pp l ying its rigid b o dy
tra nsf o rmatio n. 

We t racke d the posit ion wh ere th e tongue sea le d
a gains t the hard p a late in Maya. The place where the
to ngue co nt acted t he hard p a la te was a pparen t in the
me diolatera l X-ray vide o be cause the b arium adde d to
the mi l k made it much da rk er tha n the tongue a nd
the hard p a lat e . To trac k the posi tio n o f t he se al, we
fir st creat ed v irtu al X-ray c a meras a nd video image
planes in Maya (using XROMM MayaTools scripts).
Th en, we m oved a locator to the posi tio n o f t he se al
(when viewed using th e m e diolatera l X-ray camera),
keyed (i .e ., loc ked) its position in numerous frames,
and a l lowe d Maya t o int erpolat e between these posi-
tions. Th e m ediolateral posi tio n o f the locato r was al-
ways on the midsag itta l plane that was a lig ne d to the
sku l l. We wi l l refer t o this locat or as the “t ongue seal
locator.”

We used the posi tio n o f the to ngue seal locato r to
ident ify the t iming of s ucks. A s uck s t arted on t h e fram e
wh en th e tongue seal ini tially fo rm ed an d th er efor e was
located the furthest ant erior. A suc k ended on the frame
wh en th e seal had moved f urt hes t pos terio rly, befo re
t he se al was rele ased, and a new seal was formed an-
teriorly. We ident ifie d a tota l of 289 s ucks acros s a l l
four indiv idu als ( N = 148 when fe e ding from a cister-

https://bitbucket.org/xromm/xromm_mayatools/
https://bitbucket.org/xromm/xmalab
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Tongue seal locator

Endocast width

Endocast length

Endocast depth

Nipple tip bead

(B)

(C)

0.8mm markers

0.5mm markers

Inside typical 
extent of endocast

Outside typical
extent of endocast

Approximate posterior
margin of hard palate

(A)

Fig. 2 (A) Illustration of the dorsal surface of the tongue showing generalized bead placement. Larger circles r epr esent 0.8 mm beads, and 
smaller circles r epr esent 0.5 mm beads. Filled in circles r epr esent beads that w er e typically within the boundaries of the endocast (i.e., 
between the nipple tip and the position where the tongue sealed against the hard palate), while hollow circles represent beads that were 
often excluded because they w er e outside the boundaries of the endocast. The dashed line indicates the approximate posterior edge of 
the hard palate. (B) Ventral and (C) lateral views of a pig skull mesh model aligned to the X-ray video of an XROMM animation. Dark dots 
are animated beads implanted in the tongue, and the pol yg onal mesh in the mouth is the endocast of the suck volume. 

n  

n
 

s  

b  

d  

l  

p  

t  

p  

(  

d  

t  

p  

t  

p  

C  

r  

i

D

T  

s  

d  

a  

t  

d  

b  

a  

d  

m  

f  

w  

h  

s
 

o  

K  

b  

a  

t  

i  

w  

w  

w  

a  

c  

i  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/icb/advance-article/doi/10.1093/icb/icaf130/8197880 by Tufts U

niversity user on 11 August 2025
ic nipple and N = 141 when fe e ding from a ducted
ipple). 
We processed the pres s ure data on a per suck ba-

is. We converted the pres s ure data from mV to mmHg
y mu lt ip l ying by 41.3, a conver sion fact or that was
eter mined empir ically. Infan ts genera te a sma l l b ase-

in e am ount o f suctio n d urin g sucklin g, i.e., subambient
res s ure th at i s m a inta ine d betwe en sucks. We remove d
 he contr ibu tio n o f thi s ba se lin e suctio n by zero ing the
res s ure values for eac h suc k t o their maximum value
i .e ., t o t he le as t amount of s uct ion generat io n). In o r-
er to av erag e pres s ure data acros s s ucks, we converted
ime to a percentage of suck d uratio n a nd downsa m-
led the pres s ure data to 101 data points per suck using
h e splin e m eth od of th e fun ctio n app r oxm() fr om the
 ackage “Fre qProf ” ( Epstein et al. 2016 ) in R (v4.3.1; R
ore Team 2023 , Vienna, Aust ria). We use d these ze-

oe d, spline d, downsample d data to ca lcu late t he pe ak
nt raora l suct ion per suck. 

ynamic endocast 

o measure the vol ume o f the int raora l sp ace where
uction was g enerated durin g sucklin g, w e created a
y namic endoc ast ( Camp et al. 2015 ; Kaczmarek et
l. 2025 ). Follow ing prev iousl y estab lis h ed m eth ods,
he vent ra l , lat eral , and dor s al boundar ies of t he en-
oc asts moved dy namic a l ly with th e m ovem ent of
eads or locat or s th at m a inta ine d fixe d posit ions rel-
tive to th e s kull or the t ongue . Spe cifica l ly, the en-
o casts were b ounde d vent ra l ly and latera l ly by the
a rk ers that were implanted close to the dorsal sur-

ace of the tongue and animated in Maya. The endocasts
ere bounde d dorsa l ly by 40–50 locat or s placed on the
ard p a late in a g rid-li ke p atter n in t he Maya r efer ence
cenes. 

How ev er, un li k e previous a nd va lidate d applicat ions
f the dynamic endocast method ( Camp et al. 2015 ;
aczmarek et al. 2025 ), the a nterior a nd posterior
oundar ies of t he endocasts were not fixe d relat ive to
natomica l st ructures. Th ese boun daries s hif ted so t hat
h e en doc asts only c aptur ed the r egio n o f the o ral cav-
ty w here suc tion was bein g g enerat ed . The endocasts
ere bounded anteriorly by the tip of the nipple and
ere b ounded p oster iorly by t he tongue seal locator that
e t racke d in Maya. It was necessa ry f or th e boun d-

r ies to shif t wit h t he posi tio n o f the to ngue seal lo-
 ator bec ause to ngue functio n is high ly reg iona l dur-
n g sucklin g: in the beginnin g of each suck, the an-
erio r regio n o f the to n gue is g eneratin g suctio n, bu t
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t he poster io r regio n o f the to ngue (posterio r to the seal
a gains t the hard p a late) is depresse d in order to trans-
port and swa l low mi l k acquire d dur ing t he pr ior suck.
Ther efor e, the dynamic endocast encomp asse d a sub-
set of the p a latoglossa l sp ace be cause i t o n ly capture d
th e space wh ere suction was bein g g enerat ed t o acquire
mi l k. We wi l l oft en refer t o th e en docast volum e as th e
“suc k volume .”

To cre ate t h e en do cast, we exp orted the xyz p osi tio ns
of the beads and locat or s from Maya. In each frame,
any beads o r locato rs that were not between the an-
t eropost erio r posi tio ns o f the to ngue se al and t he nip-
ple tip were disregarded. Then, we used custo m-wri tten
scripts (available at ht t ps://b i tbucket.o rg/ArielCamp/
dy namicendoc ast ) that use the “alphashape” function
in MATLAB (R2024a; Ma thWorks, Na tick, MA, USA)
t o generat e 3D sh apes th at en closed th e bead an d lo-
cat or s in each frame and to ca lcu late the volumes of
th ese s h apes. Alph a sh ap es are p o l yg on s con st ructe d
from a set of points using a spe cifie d a lpha va lue to
deter mine t he fineness of fit to the points, and these
po l yg on s can include both convex an d con cave curva-
tures ( Ede lsbrunn er an d Mück e 1994 ). We used a n al-
pha val ue o f 1.5 becau se thi s created sh apes th at h ad the
best an d m ost consistent fit to the locators and beads,
which we che cke d v isu a l l y in Maya and by p lottin g v ol-
ume over time for each t ria l. 

To ca lcu late t he widt h, dept h, and lengt h of t he en-
doca sts, we m ade mea sur ements dir ectly fr om the po-
si tio ns o f t he be ads and locat or s th at were u sed to gen-
erate the endocasts. We used the XROMM MayaTools
script “oRel” to ca lcu late the posi tio n o f t he be ads and
locat or s relative t o the sku l l ACS. Then, we u sed cu s-
to m R scri pts to ca lcu late endocast width (defined as the
m aximum z -axi s [me diolatera l] distance betwe en lat-
eral b ead lo cat or s), en docast h eight (defin ed as th e max-
imum y -axis [dorsovent ra l] distance between the ACS
an d th e midlin e t ongue beads, i .e ., t o ngue dep ressio n),
an d en docast length (defin ed as th e x -axis [ant eropost e-
r ior] dist ance between t he ni pple ti p an d th e tongue seal
locato r), fo r each frame. To av erag e th ese m easurem ents
acros s s ucks, w e conv erte d t ime to a percenta ge of s uck
d uratio n, and we used the app roxm() functio n o f the
R p ackage “Fre qProf ” to spline and upsample the en-
docast dimen sion s dat a so t hat e ac h suc k had 101 data
points. 

For each indiv idu a l, we norma lize d the measure-
m ents of en docast volum e, width, depth, and length to
the maximum value (of each m easurem ent) observed in
that indiv idu a l across a l l t ria ls fro m both ni pple types.
This rem oved th e effects of inter-in div idu al vari ation in
b o dy size and bead pl acement. To qu antify the effect
o f ni pple type, we m easured en docast volum e, width,
dept h, and lengt h at 12.5% of suck d uratio n (r eferr ed to
as the “beginning of the suck”), the time of maximum
suction, and 85.5% of suck duration (r eferr ed to as the
“end of the suck”). 

Statistical analyses 

Al l stat ist ica l ana lyses were per for med in R (v4.3.1; R
Core Team 2023 ). We used linear mixed effects mod-
e ls an d ANOVAs t o evaluat e differences in va riables
of interes t (endocas t volum e, en doc ast w idth, endo-
cast depth, an d en docast length) by nipple type (i .e .,
d ucted o r cisternic), time in the suc k (i .e ., 12.5% of
suck d uratio n, time o f maximum suctio n generatio n,
and 85.5% of suck duration), and their interaction
( Bat es et al . 2015 ). In th e lin ea r mixed effects mod-
e ls, we m ode le d nipple type, t im e in th e suck, an d
their interaction as fixed effects an d in div idu al as a ran-
dom effect. If effects or their interaction s w ere signif-
ica nt, we ra n pla nne d cont rasts to ca lcu late P -va lues
f or the effects a nd ca lcu late d Cohen’s d to estimate ef-
fect size ( Cohen 1992 ). We als o e valuated differences
in maximum pres s ure generation by nipple type by
per for min g a tw o-sided tw o-sample une qua l va ria nces
t -test. 

Results 

Dynamic changes in suck characteristics over 
time 

W hen infant p igs fed fro m bot h cister nic and ducted
nipples, we saw significant chan g es in endocast volume,
dept h, and lengt h over t he course of e ac h suc k, with a l l
t hree var iables incre asing wit h time ( Table 1 , Fig . 3 , Fig .
4 ). In contrast, the width of the oral c av it y did not in-
cre ase wit h t ime ( Fig. 3 , beg inning vs. midd le t = 5.1,
P < .001, d = 0.40; middle vs. end t = −5.3, P < 0.001,
d = −0.52, beginning vs. end t = −0.28, P = 0.78, d =
−0.02). 

The impact of nipple design on suckling 

We found an impact of nipple design on s e veral as-
p ects of suck ling mechanics. Maximum pres s ure gen-
eration per suck was sma l ler when pigs fed on a cister-
nic nipple than on a ducted nipple ( t = 6.8, P < 0.001,
d = 0.8, Fig. 4 ). In contra st, endoca st volume wa s con-
sistently lar g er when p igs fed o n a cisternic ni pple rather
than a ducted nipple ( Fig. 4 , Table 1 ). This difference
in v olume betw een ni pple types co rrespo nded to dif-
ferences in both the magnitude of tongue depression
(i .e ., endocast depth) and how far posteriorly the infants
m oved th e sea l betwe en th e tongue an d hard p a lat e (i .e .,
endocast length). Infants fe e ding on a cisternic nipple
had a lon g er maximum seal len gth (i .e ., endocast length
at the end of the suck) than when fe e ding on a ducted

https://bitbucket.org/ArielCamp/dynamicendocast
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Table 1 Results of planned contrast and Cohen’s d test comparing different time points in a suck within and between nipple types 
( t -statistic, P -value; Cohen’s d ). 

Cisternic: 
Beginning vs. 

Maximum 

Suction 

Cisternic: 
Maximum 

Suction vs. 
End 

Ducted: 
Beginning vs. 

Maximum 

Suction 

Ducted: 
Maximum 

Suction vs. 
End 

Beginning: 
Cisternic vs. 

Ducted 

Maximum 

Suction: 
Cisternic vs. 

Ducted 
End: Cisternic 

vs. Ducted 

Comparison Time Time Time Time Nipple type Nipple type Nipple type 

Depth –18.6, 
< 0.0001; –2.5 

−13.7, 
< 0.0001; −2.0 

−12.1, 
< 0.0001; −1.2 

−8.3, < 0.0001; 
−1.0 

−4.8, < 0.0001; 
−0.52 

1.7, 0.1; 0.20 6.8, < 0.0001; 
0.96 

Length –22.1, 
< 0.0001; –2.6 

−26.9, 
< 0.0001; −4.1 

−19.7, 
< 0.0001; −1.9 

−23.8, 
< 0.0001; −2.4 

4.7, < 0.0001; 
0.53 

6.5, < 0.0001; 
0.66 

9.0, < 0.0001; 1.4 

Volume –25.7, 
< 0.0001; –3.0 

−27.0, 
< 0.0001; −4.1 

−20.7, 
< 0.0001; −2.1 

−22.0, 
< 0.0001; −2.2 

7.0, < 0.0001; 
0.84 

11.4, < 0.0001; 
1.2 

15.8, < 0.0001; 
2.3 

Bolded values indicate a large effect size; italicized values indicate a medium effect size. “Beginning,” “maximum suction,” and “end” refer to values 
measured at 12.5% of suck duration, the time of maximum suction, and 85.5% of suck duration, r espectiv ely. 
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Fig. 3 Endocast depth, width, and length throughout the suck ([A], [C], and [E], r espectiv ely) and at specific time points ([B], [D], and [F], 
r espectiv ely) on cisternic (dark, N = 148 sucks) and ducted (light, N = 141 sucks) nipples. Endocast depth, width, and length w er e each 
normalized to the maximum value observed in each individual. The dashed lines in (A), (C), and (E) indicate 12.5% of suck duration, the 
average time of maximum suction generation, and 85.5% of suck duration, which correspond to the three time points compared in (B), (D), 
and (F): “begin,” “maximum suction,” and “end.” The shaded regions in (A), (C), and (E) show one standard deviation in the timing of 
maximum suction generation. A solid line between time points and an asterisk between nipple types indicate a statistically significant 
difference with a large effect size. 
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ipple ( t = 9.0, P < 0.001, d = 1.4), wi th medi um ef-
ect sizes at the beginning and middle of the suck ( Table
 , Fig . 3 ). Simil ar ly, th e lar g est difference in endocast
ept h occur red at t h e en d of th e suck, wi th p igs fe e d-

ng on a cisternic nipple exhibiting greater tongue de-
 ressio n than when fe e ding on a ducted nipple ( t = 6.8,
 < 0.009, d = 0.96). In con trast, a t th e tim e of max-

mum suction, there was no difference in the endocast
ep th between nip ple types, an d at th e beginning of th e
 uck endocas t depth wa s sm a l ler when infa nts f ed on
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Fig. 4 Volume (normalized to the maximum value of each individual) throughout the suck (A) and at specific time points (B) on a cisternic 
(dark) or ducted (light) nipple. (C) Suction generation over the course of the suck and (D) the maximum suction on both nipple types. The 
dashed lines in (A) indicate 12.5% of suck duration, the average time of maximum suction generation, and 85.5% of suck duration, which 
correspond to the three time points compared in (B): “begin,” “maximum suction,” and “end.” The dashed line in (C) r epr esents the 
average time of maximum suction generation, and the shaded regions in (A) and (C) show one standard deviation in the timing of 
maximum suction generation. A solid line between time points and an asterisk between nipple types indicate a statistically significant 
difference with a large effect size. 
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t he cister nic nipple t han t he d ucted ni pple, al though
wi th a medi um effect ( Table 1 , Fig. 3 ). We did not
observ e a lar g e effect o f ni pple type o n the wid th o f the
suc k volume , although we did see a me dium effe ct size
( t = 9.02, P < 0.0001; d = 0.61, Fig. 3 ). 

Discussion 

To acquire mi l k whi le suckling, infan ts m ust gener-
ate suction. This negative pres s ure is generated by us-
in g the ton gue t o fir st creat e seals around the nipple
a nd aga inst the ha rd p a late an d th en in creasing th e
vol ume o f the interv enin g space . Here , we used a dy-
n amic endoca st to mea sure h ow infants in cre ased t heir
suck volume thro ugho ut eac h suc k and t est wh eth er
t his var ie d b ase d o n ni pple design. Infa nts cha n g ed
bot h t he dept h (dorsovent ra l) a nd length (a nteropos-
terio r), bu t not w idth (mediol a teral), of the in traoral
space to create suction on both nipple types. Addition-
a l ly, we found t hat t he suck v olume, len gt h, and dept h
were higher at the end of the suck when infants suck-
led from a cisternic comp are d to a ducted nipple. Our
da ta demonstra te tha t sucklin g is driv en by chan g es in
int raora l depth and length, and it is imp acte d by nipple
design. 

Changes in oral volume over the course of a 

suck 

Pr evious r esear ch h a s dev eloped a g enera lize d m ode l
for the mechanics of ma mmalia n infa nt suckling
( A rdran et al. 1958 ; Germ an et a l. 1992 ; Ge ddes et a l.
2008 ; Elad et al. 2014 ). The lateral mar gin s of the tongue
must cur l aroun d th e nipple to create a sea l, whi le con-
cur rent ly t h e m e dia l reg io n o f the to ngue uses a n a n-
t eropost erior wave-like motion to create negative pres-
sure in the oral c av it y to draw mi l k into the mouth
( Thext on et al . 2004 ; Geddes et al . 2008 ; Elad et al . 2014 ;
Steer et al. 2023 ). While this process has been v isu a lize d
in two dimensions using u lt rasoun d an d X-ray imaging,
kinema tic da ta hav e been ex clusiv ely quant ifie d from
t ranslat io n o f th e midlin e of th e tongue ( Th ext on et al .
2004 ; Geddes et al. 2012 ; Johnson et al. 2023 ). These
dat a tre at suckling as a two-dimensio nal (2D) p rocess
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nd do not test the extent to which the tongue moves
n three-dimen sion s (3D) durin g sucklin g. Creatin g dy-
 amic endoca s ts of s uck volume a l lowe d us to quantify
 olume chan g es an d kin emat ics in a l l thre e anatomica l
xes. 

We found t hat dur ing e ac h suc k, th e en docast length
t he dist ance between the tip of the nipple and the
ea l betwe en th e tongue an d hard p a late) and depth
the dep ressio n o f the to ngue) increased wi th time
 Fig . 3 ). These d a ta demonstra te tha t dep ressio n o f the
on gue w orks in combination with posterior m ovem ent
f the tongue seal to increase oral volume and gener-
te the pres s ure ne e de d to acquire mi l k. Thi s i s con-
istent w ith found at iona l studies that s h owed t hat t he
on gue mov es with an ant eropost erior wave , translat-
ng the seal posteriorly as the suck pr ogr esses ( Ar dran
t al. 1958 ; German et al . 1992 ; Thext on et al . 2004 ).
he use of the endocast, in the context of variation in
i pple design, p ro vides no v el in sigh ts in to the limits
f m ovem ent along th ese axes. Th e lengt h of t he in-
 raora l sp ace is li ke ly depen dent on h ow far into th e

out h t he infant posi tio ns the ni pple and on the an-
 eropost er ior lengt h of t he ha rd a nd soft p a lates. D ept h
s li kely const raine d by the ab ili ty and space for the
 ongue t o dep ress, so the floo r o f th e m outh may dic-
 ate t he maximum dept h at which t he tongue can be
epressed. 
Un li ke depth and len gth, w e found no chan g es in the

ndoc ast w idt h t hro ugho u t a suck. The wid th o f the o ral
olume may not chan g e because it is const raine d by the
id th o f the hard p a late and upper teeth or by the thick-
ess of the nipple and the r equir ement to form a seal
round i t. Wi t h t hese anato mical co nstraints in mind,
t is un derstan da ble that w e only observed mod ulatio n
n the depth and length of the int raora l sp ace. How ev er,
idth might differ if infants wer e pr ov ided w it h bott le
i pples o f different dia met er s, and this could, in turn,
 ffect suc k volume , a possib ili ty that w e w ere una ble to
val uate d ue to the two ni pple types we eval uated hav-
ng e quiva lent dim ensions. Th e creation of the dynamic
ndocas t for s uckling s u ppo rts p revious wo r k de lv-
ng int o mec h ani sms of fe e ding per for man ce an d also
dds insights into potent ia l const raints associate d with
uckling. 

he impact of nipple design on infant feeding 

hysiology 

lthough infants rely o n suctio n generatio n to ac-
uire mi l k d uring b reast fe e ding, infants fe e ding on
ottles also acquire mi l k by co mp ressing the nipple
o express mi l k ( Ge ddes et a l. 2008 ; Aizawa et a l.
010 ; Sa ka lidis et al. 2012 ; Cannon et al. 2016 ). Our
ata p ara l le ls th ese differen ces betwe en breast fe e ding
nd bottle fe e din g, as w e found that when fe e ding
n a cisternic nipple , pigs generat ed less suction than
h en th ey fed on ducted nipples ( Fig. 4 ). This sug-

ests t hat t h ey did n ot n e e d t o generat e as muc h suc-
ion to acquire milk because they were co mp ressing
he nipple, as was quant ifie d by Kaczmarek et al. (in
e vie w). 

W hile o ne mig ht expec t t hat gre a ter maxim um suc-
 ion generate d o n d ucted ni p ples wo uld co rrespo nd
it h gre at er suc k volume , we found that infants had

ar g er suck v olum es wh en fe e ding on the cisternic nip-
le. The primary means by which infants achieved
reat er suc k volum e wh en fe e ding o n a cisternic ni p-
le wer e incr e asing t he magni tude o f to ngue dep res-
ion (i .e ., en docast depth) an d posterior m ovem ent
f t he se al (i .e ., endocast lengt h) by t h e en d of a
 uck. Endocas t length and depth were only signifi-
a ntly different between nipple types at th e en d of the
uck, ev en though v olume was greater across a l l t ime
oints. 
Thi s contra st, wh ere infants gen erated les s s uction

nd achieve d g rea ter maxim um suck vol umes o n cis-
ernic nipples, is likely due to the use of both nipple
o mp ressio n (mi l k exp ressio n) and suctio n generatio n,
h ereby in creasing mi l k flow during each suck. When
ow is higher, we expect that les s s uct ion wi l l be gener-
ted for the same am ount an d rate o f intrao ral expan-
ion be cause mi l k flow wi l l e qua lize the pres s ure dif-
erent ia l more quic kly. S imilarly, if flow is higher and
es s s uct ion is generate d, t he resist ance to moving the
ongue is likely also lower, and the tongue may move

ore e asily t han w hen suc t ion generat ion is higher.
his hypoth esized re lations hip between milk flow, suc-
 ion generat ion, and tongue m ovem ent like l y exp lains
hy infants achieved lar g er endocast v olume, depth,

nd length while generating less suction when fe e d-
ng from the cisternic nipp le relati ve to the ducted
ipple. 
Thi s explan ation i s su ppo rte d by qua litat ive differ-

n ces in th e ra te a t which pigs increased the depth of
he int raora l sp ace. When infa nts f ed from t he cister nic
ip ple, endocast dep t h incre ased at a fairly ste ady rate

hro ugho ut the entire s uck, consis tent with our hypoth-
si s th at the tongue wa s a ble to mov e mo re easily wi th
es s resis ta nce from la r g e int raora l suct ion. In cont rast,
hen infa nts f ed o n a d ucted ni p ple, they ap peared to
uic kly reac h a maximum dept h t h at wa s sm a l ler than
he maximum depth reached on the cisternic nipple.
h ey reach ed th eir maximum depth n e ar t h e tim e of
ea k suct ion, an d th ey ma inta ined this depth through-
ut the rest of the suck (while the tongue seal con tin ued
 o move post eriorly t o in crease volum e an d ma inta in
uction). Thi s i s consi stent with our hypot hesis t hat flow
s slower on a ducted nipple (because expression cannot
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be used to supplemen t flow), tha t suct ion bui lds more
quic kly and t o a high er peak, an d that th e tongue experi-
en ces resistan ce to m ovem ent dur ing t he per iod of max-
imum suctio n. Fu ture analyses o f the tempo ra l relat ion-
ship between the rate of tongue depression and int raora l
suction may h e lp reveal how ton gue mov ement is both
g eneratin g suction and const raine d by it, depending
on mi l k flow (e.g., differences in ni pple co mp ressib il-
i ty, ni pple flow rat e , or the addition of thic kener s t o the
mi l k). 

Maximum endocast length was greater when infants
fed from a cisternic nipple comp are d to a ducted nipple
( Fig. 3 ). This difference may indicate that infants moved
their tongue seal (i .e ., contact between the tongue and
the p a late) f urt her back on t he hard p a late when fe e d-
ing on the cist ernic nipple . Alt ernati vel y, it may indi-
ca te tha t the infan ts posi tio n ed th e d ucted ni pple fur-
t her into t he mout h, which would reduce the max-
imum endocast length (i .e ., distance between nipple
ti p and to ngue s eal), e ven wi thou t a difference in how
far they moved the tongue seal relative to the hard
p a lat e . Pr ior rese arch h a s s h own that posi tio ning a cis-
ter nic bott le nipple f urt her into t h e m ou th is co rre-
l ated w it h we aker suctio n generatio n and less milk ac-
quisi tio n ( Mayerl et al. 2020 ); how ev er, w e only ob-
serve d sma l ler suck vol umes o n the d ucted ni p ples, no t
re duce d suct ion generat ion. Thi s i s likely due to dif-
ferences in nipple design, as the chan g e in how mi l k
is acquire d (suct io n vs. exp ressio n) may impact these
re lations hips. 

Onto g enetic and evolutionary implications 

While t hese dat a r epr esen t an im portan t st ep t oward
un derstan ding th e m ec hanics of suc kling in 3D space ,
they are limited in that we ana lyze d da ta a t o nly o ne
time point during infancy and in only one species. It
is well known that there are ontogenetic chan g es in
suckling p hysio logy an d fun ct iona l ou tco m es, th e m e-
c hanics of suc kling, an d h ow tongue fun ction during
sucking i s coordin ated with swallowing and bre at h-
ing ( German and Cro mpto n 1996 ; G e wolb and Vice
2006 ; A m aizu et a l. 2008 ; Ta ki et a l. 2010 ; Sa ka lidis et
al. 2013 ; Bond et al. 2020 ; Mayerl et al. 2020 , 2021 ).
Infa nt a n atomy al so ch an g es drast ica l ly through on-
togeny, and a ha l lma rk of ma mmalia n deve lopm ent is
post nata l elongat io n o f th e face ( Ze ldit c h et al . 1992 ;
He lm an d German 1996 ; Cardini and Po ll y 2013 ). This
results in chan g es in th e lin e o f actio n o f the mus-
c les associat e d with fe e din g, includin g the ton gue, and
thu s m ay impact p hysio logic functioning ( Mayerl et al.
2021 ). Th e dynamic en docast can be used to test hy-
p otheses ab ou t how o nt ogenetic c han g es in anatomy
and p hysio logy impact t he f unctio ning o f the to ngue
 

as indiv idu als mature and t ransit ion to fe e ding on solid
fo o ds. 

In addi tio n, al t hough t here is limited com para tive
data on suckling mechanics ( Mayerl and German 2023 ),
t he litt le dat a t h at do exi s t demons tra te tha t species vary
in their suckling mecha nics. For exa mple, some ma m-
m al s with s h orter oral c av ities (e.g ., f elids a nd primates)
exhib i t a single seal between the tongue and the hard
p a lat e , wherea s m amm al s wi th lo n g er oral c av ities (e.g .,
pigs and pos s ums) t end t o for m se als in t wo pl aces
( Mayer l an d Ger man 2023 ). Explor ing whet her t hese
chan g es occ ur throug h o ntogeny as an individ ual’s o ral
c av it y len gthen s w ould rev e al whet her differences in the
cont act between t h e tongue an d p a la te are dependen t
o n o ral c av it y length or a re cha racteristic of a species
because of their ancestry. 

Furt her more, t he mechanics o f intrao ral transpo rt
appear to differ across species ( German et al. 1992 ).
While most m amm alian nipples conta in na rrow ducts,
thi s an ato my varies fro m n arrow pa s sa ges to cis ter-
nic sinuses ( Vesterinen et al. 2015 ; Adam et al. 2018 ;
Mo ta-Ro jas et a l. 2024 ; Mül ler et al. 2024 ). As sug-
ges ted by s tudies of cis t ernic and duct ed bottle nip-
ples (t hese dat a; Kaczmarek et al. in re vie w; Mayerl
et al. 2024 ), it seems likely tha t infan ts of species
wit h cister nic te ats (e.g., cows) express mi l k (by com-
p ressing the ni pple) an d gen erate les s s uction than
infants of species wit h nar row ducts (most mam-
m al s). Similar ly, th ere is varying n eurom otor plastic-
ity in the control of the tongue during suckling across
m amm al s, s ugges ting f urt her potential avenues of ex-
plo ratio n ( Go rdo n and Her r ing 2008 ). Cre ating dy-
n amic endoca s ts of s uck volume acros s mu lt iple spe cies
w ould rev e al var iation in th e m echanics of milk ac-
quisi tio n a nd tra nsport a n d h ow th ese fun ct iona l dif-
fer ences corr elat e t o differences in morp ho logy and
p hysio logy. 

Clinical implications 

Our data demonstrate that nipple type impacts tongue
funct ion (spe cifica l ly, maximum tongue depression,
suc k volume , and suct ion generat ion), which li kely cor-
respon ds to oth er m et rics of fe e ding per for man ce. Th e
lar g er suck v ol umes acquired o n cisternic ni pples ( Fig.
4 ) like ly corre lat e t o lar g er boluses, which in turn have
be en demonst rate d to increase the risk of asp iratio n
( Mayerl et al. 2021 ). Furt her more , Mayerl et al . (2024 )
found that, even whi le swa l low ing l arge boluses, in-
fa nts ra ised o n d ucted bottle ni pples had lower rates
o f asp iratio n co mp are d to infants raised on cisternic
bo ttle nip ples. This s ugges ts that asp iratio n risk is de-
pendent on how boluses are acquired (i .e ., h ow th e
to ngue functio ns d uring suckling on different nipple
types), in addi tio n to how muc h is acquired. Further
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 esear ch is ne e de d t o under stand how t on gue mov e-
 ent an d swa l low c haract eristics relat e t o asp iratio n

is k, an d using dynamic endocasts to meas ure s uck vol-
m e an d dim en sion s could h e lp reveal wh eth er varia-
io n in to ngue functio n is a fun dam ental driver of aspi-
ation risk. 

ethodological considerations and limitations 

h e dynamic en docast m eth od was creat ed t o measure
bsol u te vol um e an d th e rate o f vol ume chan g e of a 3D
egio n d uring a behavio r o f interest in a n XROMM a n-
ma tion ( Cam p et al. 2015 ; Kaczmarek et al. 2025 ). Ac-
urate m easurem ents o f vol ume chan g e rely on consis-
ent but mobile anatomical boundaries of the endocast
o that volume chan g es can be confidently att ribute d to
xpansio n o r co mp ressio n o f the spe cifie d reg ion, not to
nadvertent shifts in th e boun dary posi tio ns o r changes
n th e h ow much tis s ue is included inside th e en docast
 Kaczmarek et al. 2025 ). 

How ev er, un li ke previo us ap plicatio ns o f the dy-
 amic endoca st m eth o d ( C amp et al. 2015 , 2018 , 2020 ;
artner et al. 2022 ; Li et al. 2022 ; W hi tlow et al. 2022 ),
ur endocasts were created with shifting boundaries
 ase d on the position of the nipple tip (anteriorly) and
he posi tio n o f the to n gue seal again st the hard p a late
posteriorly). Thi s wa s ne cessary be cause the tongue
er for ms mu lt iple funct ions syn chron ous ly—as a n ew
e al is for ming anter iorly between t h e tongue an d hard
 a lat e , the post erio r regio n o f the to ngue is co n tin uing
 o move post erovent ra l ly to transport and swa l low mi l k
rom the previous suck. We isolated the region anterior
o the seal with the hard p a late where suction was being
enerat ed . 

W hile this co mp ro mised our ab ili ty to analyze the ab-
ol u te vol ume o r rate o f vol ume change of our endocast,
h at wa s not a go a l of our ana lysis. Rather, w e w ere in-
 erest ed in the effect of nipple type , whic h w e w ere a ble
o ana lyze be c ause each indiv idu a l fe d o n both ni pple
ypes, an d en doc ast loc at or s and markers were placed
n ce per in div idu a l, ma king th e en docasts comparable
cross each indiv idu a l’s t ria ls. 

onclusions 

e created dynamic endocasts with shifting anteropos-
er ior boundar ies to isolate the region of the intrao-
a l sp ace w here suc tion was bein g g enerat ed . We found
h at endoca st depth and length, but not widt h, incre ased
hro ugho ut eac h suc k, causing suc k volume t o increase
nd suction to be generat ed . Ther e wer e significant dif-
erences in how thi s wa s accompli shed across nipple
ypes, where infants generated les s s uction and reached
ar g er maximum suck volum e, depth, an d length wh en
e e ding on cisternic nipples comp are d to ducted nip-
les. We hypot hesize t hat t his init ia l ly surprising rela-
io nshi p resul ts fro m infants co mp res sing cis ternic nip-
les more, causing mi l k flow rat e t o increase and subse-
uently reducing the build-u p o f suctio n as the tongue
epres ses. This s ugges ts that m ovem ent of th e tongue
oth generates suction and is const raine d by it, depend-

ng on mi l k flow rat e . These data r epr esent the first
u antific atio n o f suck vol ume d urin g sucklin g and re-
e al t hat t h e re lations hip between suck volume and suc-
 ion generat ion is dependent on nipple design and the
 apacit y for nipple compression. 

Further, by invest igat ing suckling in 3D, we found
hat most of the variation occurs in 2D. While the
ongue is a 3D structure, the increase in oral vol-
me that generates suction may occur kinemat ica l ly

n 2D. Endocast width did not chan g e thro ugho ut
h e suck an d was n ot significa ntly differ ent acr oss
ipple types. This s ugges ts that, depending on the
uestion being ask ed, qua ntifyin g sucklin g kinemat-

cs in two dimensio ns (do rsovent ra l a nd a nt eropost e-
ior) may capture the primary ways that the tongue
oves to generate suctio n wi thou t ov erlookin g impor-

ant biolog ica l variat ion. How ev er, the lateral regions
f the tongue st i l l play an im portan t role in suckling
y ma inta ining a seal a roun d th e ni pple. W hile kine-
atics an d th e dynamic en docast m eth od may n ot

uantify the qu alit y of the seal around the nipple, fu-
 ure st udies could measur e for ce applied to the nip-
le to as ses s t he f unctio n o f the latera l reg io ns o f the
 ongue . 
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