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1  |  INTRODUC TION

The study of craniofacial growth and development is of interest 
to a variety of research fields and for different reasons. Feeding 
is a fundamental behaviour for all animals, and mastication is an 

evolutionary strategy to increase digestive efficiency across many 
species. Beyond feeding, in humans, craniofacial features are in-
volved important aspects of communication and social interactions. 
In addition, the structure of the head is one of the most complex 
in the entire body. Different tissues with embriologic origins and 
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Abstract
Background: Non- human primates are the closest animal models to humans regarding 
genetics, physiology and behaviour. Marmoset monkeys in particular are one of the 
most versatile species for biomedical research.
Objective: To assess the craniofacial growth and development of the masticatory 
function in the common marmoset (Callithrix jacchus), from birth to the fourth month 
of life through minimally invasive cineradiographic imaging.
Methods: Ten individuals were followed- up from 0 to 4 months of age regarding 
craniofacial growth and masticatory function assessed by cineradiography. For the 
experimental procedure, we used a microfocal X- ray source apparatus and a beryllium 
fast- response image- intensifier.
Results: The duration of the masticatory cycles was stable across age groups. Chewing 
a very soft Castella cake or the slightly harder Marshmallow did not change the masti-
catory cycle in the time domain. On the other hand, linear and angular measurements 
of the jaw- opening movement showed a tendency for bigger movements at the latter 
stages of craniofacial growth. Qualitative analysis showed that marmosets had a small 
preference for Castella over Marshmallow, that they most often bit off pieces of food 
to chew with their posterior teeth, that they manipulated the food with their hands, 
and that they chewed the food continuously.
Conclusion: We observed critical developmental events during the first 3 months of 
life in marmosets. Cineradiographic imaging in marmosets may provide valuable in-
formation on craniofacial form and function for basic and preclinical research models.
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complex signalling mechanisms seem to be involved during growth 
and development,1 and malformations can originate from a variety 
of causes, including genetic factors,2 infections,3 pollutants4 and 
prescription drugs.5 Craniofacial malformations are not uncommon,6 
and their occurrence can cast severe burden on the quality of life 
of individuals, even after treatment.7 In this context, animal models 
are an indispensable tool for the study of craniofacial growth and 
development.

Non- human primates are the closest animal models to humans 
regarding genetics, physiology and behaviour.8 Hence, its use in sci-
ence permits reliable functional comparisons regarding the oromy-
ofacial anatomophysiology. This study involves the species Callithrix 
jacchus, known as common marmoset,9 nomenclature that will be 
used for this research. These animals naturally live in family groups 
of 10– 15 individuals, are day- active, and inhabit the upper canopy 
of forested areas, although they are highly adaptable and can be 
found in urban fringe areas.9 The adult body size rarely exceeds 
20 cm (excluding the long, non- prehensile tail), and body weight 
is approximately 300 g.9 Gestation is approximately 5 months, 
and breeding female marmosets generally give birth twice a year, 
most frequently to non- identical twins.9 Sexual maturity is reached 
around 18 months, and the average lifespan in captivity is between 
13 and 16 years.9,10

Lately, marmosets have been used in biomedical research as 
a model for various applications, especially in neuroscience11,12 
and studies involving the skeleton.13 Its whole- genome sequence 
was recently described14 and they are considered an ideal model 
as it has sophisticated social/emotional behaviour, reaching adult-
hood within 2 years of birth.10,15 When compared with other non- 
human primates, these animals are easier to handle and raise in 
captivity, making them more attractive for laboratory research.16 
In addition, other studies also report positive aspects related 
to size, cost, reproduction, management and biosafety, as well 
as unique physiological differences that can be used in model 
development.11,17

Marmosets have similar craniofacial characteristics to those of 
humans and can be an excellent complementary model with high 
translational value18 to study complex interactions in the context of 
craniofacial development. They resemble man in bone structure and 
remodelling, rendering it an excellent non- human primate animal 
model for osteological studies.13 Its dental formula 2I- 1C- 3P- 2M of 
each oral quadrant is atypical for New World monkeys which com-
monly possess a third molar.13 The general pattern of growth ob-
served in marmosets appears to be similar to that in humans, with 
growth in width of the cranium being largely completed first, fol-
lowed by cranial length, craniofacial length, and then face height.19 
The process of permanent tooth eruption to the second molar, which 
in humans takes more than a decade, in these animals is completed 
in just 1 year.19

Marmosets are classified as a gummivore- insectivore primate 
which has dental and digestive adaptations that allow, through bit-
ing, the active perforation of tree trunks for the consumption of 

gum.20,21 They have particular jaw- muscle mechanics, generating in-
tense muscle force during a bite.11,21 These primates generate wide 
jaw gapes when gouging trees with their anterior teeth to elicit tree 
exudate flow.22 Several adaptations can be attributed to the tree- 
gouging habit of marmosets, including labiolingually thicker lower 
incisor crowns and larger incisor root volume relative to symphyseal 
volume.23

Recent technological advances, such as the high- definition cin-
eradiographic analysis in two views (horizontal and vertical) devel-
oped by our research group,24– 26 permits the longitudinal recording 
of body growth and development in small animals. As there is a small 
exposure to X- rays, this technique is minimally invasive, does not 
require immobilisation or sedation, and therefore allows successive 
recordings on the same animal without causing excessive distress 
or sequelae.

This study aims to assess the craniofacial growth and develop-
ment of the masticatory function in non- human primates (common 
marmosets), from birth to the fourth month of life through minimally 
invasive cineradiographic imaging.

2  |  METHODS

This study was approved by the Research Ethics Committee of CLEA 
Japan, Inc (1652- 012CJ), where the experimental phase of this re-
search was carried out.

2.1  |  Subjects and accommodation conditions

The animals were made available through a partnership with a com-
mercial experimental animal nursery (CLEA Japan, Inc.). Four couples 
of the species Callithrix jacchus (marmoset) were paired for mating 
and reproduction; of these, a total of 10 offspring were born (five 
male marmosets and five female marmosets, identified by means of 
palpation of local caretakers), with two twin pregnancies and two 
trigemellar pregnancies.

The couples and their respective offspring were housed 
in stainless steel grid cages, with two sides in stainless steel 
plate (one side and bottom), with dimensions 100 × 40 × 60 cm 
(height × width × depth), with freely available water and solid 
food (species- specific chow, CMS- 1M, Feed One Co.) throughout 
the day. On the days of the experiment, the animals were only fed 
after their return to the home nursery. However, throughout the 
experiment, the babies could still be breastfed naturally as they 
were in the presence of the parents. The animals were kept in a 
temperature- controlled room (26 ± 1°C) and on a 12- h dark/light 
cycle.

All procedures performed on animals were minimally invasive 
and had a transient and rapid effect. At the end of the research proj-
ect, the subjects were returned to their home nurseries, remaining 
at the CLEA Japan facilities.
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2.2  |  Experimental apparatus

Cineradiography is a dynamic radiological exploration technique de-
veloped by our research group in a reduced- size apparatus, adapted 
for small animals.24- 26 Calibration was perfomed using a stainless 
steel ball (2.5mm) chain collar over the neck of each animal (Figure 1).

The cineradiographic apparatus (Micro X- movie, NIC) (Figure 1 
and Figure S1) transmitted an X- ray beam that was vertically emit-
ted to the marmoset by a micro- focus X- ray tube (Toshiba Electron 
Tubes and Devices Co. Ltd.). Power settings on the X- ray tube were 
kept constant at 70 kV and 0.3 mA to obtain stable X- ray emission. 
The X- ray photons passing through the marmoset reached were con-
verted into visible light by a beryllium fast- response image- intensifier 
(Toshiba Electron Tubes and Devices Co., Ltd., E5889BP- P1K).26 
This image was then captured by a digital video camera positioned 
underneath the image intensifier.26 Video recordings were taken at 
29 fps and 1920 × 1080 pixels (Figure 1).

2.3  |  Experimental procedure

2.3.1  |  Cineradiographic recordings

Cineradiographic recordings were carried out weekly during the first 
4 months of life. For each record, the subjects were captured one 
at a time in their living room, placed in a transport box and taken 
to an experiment room. Newborns (until the second week of life) 
were assessed together with their parents. Due to the overlapping 
effect, the images containing adult marmosets were excluded from 
the analysis. To minimize the animals’ stress, they were handled 
with minimal restraint. Aiming to analyse the feeding behaviour 
of these animals after the third week of life, small pieces of food— 
Castella cake (soft) and Marshmallow (slightly sticky) covered with 
barium sulphate were placed on the cage floor. These foods were 

chosen based on the experience at breeding facility that Castella 
and Marshmallow are preferred foods for marmosets. The animals 
were then positioned inside the X- ray apparatus and filmed for 5 
consecutive minutes. Each session was interrupted at 5 min, even if 
the animal had not eaten the food. After the experiment, they were 
returned to their home nursery, where they remained until the next 
experiment.

2.3.2  |  Selection of frames/images

To achieve a greater accuracy, both static and dynamic analyses 
were performed independently by three trained researchers using 
the open- source software package Kinovea (http://www.kinov 
ea.org/)27 for its feature to display video images frame- by- frame 
and for performing temporal, angular, and linear measurements. The 
frame/image selection step was divided into two processes:

Selection for cephalometry
The selection of static cineradiographic records occurred when the 
animal had its mouth closed (without food) and a clear image for 
the performance of the cephalometry was obtained. Three images of 
each marmoset were collected for greater accuracy on the analysed 
points.

Selection for masticatory function
Dynamic recordings were used to assess masticatory function. The 
image quality requirement was a recording with a clear and lateral 
position when the animals were chewing one of the offered foods. 
Images were chosen from the following moments: (1) Initial man-
dibular opening, (2) Maximum mandibular opening and (3) Jaw clos-
ing, which accounts for a full chewing cycle. Thus, to achieve greater 
precision of the points used for craniofacial measurements/analysis, 
three images of each marmoset were collected during this cycle.

F I G U R E  1  Schematic of the cineradiographic apparatus. A side view shows the test cage keeping the common marmoset between the X- 
ray source and the image intensifier. The test cage can be moved by conveyor belts and rails in both incidences, rotated and tilted to position 
the animal, even when it moves in the cage. X- ray images were captured in real time by a high- definition video camera

http://www.kinovea.org/)
http://www.kinovea.org/)
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2.3.3  |  Analysis of video recordings

Cephalometric analysis
At least three cephalometric analyses were performed on each one 
of the subjects at each age in months. All analyses were corrected 
for optical amplification used in the method. The radiographic land-
marks, linear and angular measurements followed the pattern de-
scribed by Sampson et al.28 (Tables 1 and 2; Figure 2).

Masticatory function analysis
In the first month of the experiment, as the babies were in the suck-
ling phase, food was introduced slowly. For this reason, we were un-
able to acquire images of masticatory function at zero months from 
some of the subjects.

Cineradiographic video was recorded at 29 frames per second. 
Aiming for a more precise analysis three frames were selected from 
each of the three chewing phases (described in 2.3.2.2). The cycle du-
ration was defined by the number of frames observed, with each frame 
being equivalent to approximately 34 milliseconds. The measurement 
variables for mandibular movements were selected from a previous 
study29: (1) Total chewing cycle duration; (2) Opening phase duration; 
(3) Closing phase duration; (4) Magnitude of opening at the incisiors; 
(5) FMA jaw position opening; (6) FMA jaw position at closing; and (7) 
FMA difference between opening and closing positions. Qualitative 
variables included (1) Food preference between the two choices avail-
able; (2) Chewing an entire morsel or Gnawing from a larger piece of 
the food; (3) Eating from the cage floor or from a food held in hand; and 
(4) Continuous or interrupted masticatory sequences.

2.3.4  |  Statistical analysis

Statistical analysis was performed using Statview (SAS Institute Inc.). 
Considering the sample size and the data variability, non- parametric 

tests were performed. The Friedman test (non- parametric repeated 
measures) was used to analyse the difference between months. In 
case of statistically significant difference (p < 0.05) in the Friedman 
test, post- hoc paired comparisons between ages were made using 
the Wilcoxon test with Bonferroni correction for paired compari-
sons to compare the difference from one month to the next (exam-
ple: month 0 and 1; month 1 and 2).

3  |  RESULTS

Ten healthy baby marmosets were used in this study. The study 
observation period was 5 months— because of a difference in birth 
dates, seven marmosets were observed up to the age of 4 months 
and 3, up to 3 months.

3.1  |  Cephalometrics

Results of the cephalometric measurements and body weight can 
be seen in Table 3. The body weight increased continuously and sig-
nificantly from 1 month to the next, except between 3 and 4 months 
of age— although still close to significant (p = 0.018 in the Wilcoxon 
signed- rank test). On the other hand, the growth of the skull was con-
centrated around two periods of spurt. Variables that indicate growth 
of the neurocranium, such as Sut- Ba and So- Cr, increased significantly 
between ages 0 and 1 month, or between ages 2 and 3 months. The 
height of the face (So- Me and So- Pal) increased significantly between 
ages 0– 1 and 2– 3 months. Mandibular growth (Go- Me and Pc- Me) 
was mostly observed between ages 2 and 3 months.

The proportion between So- Pal and Pal- GoGn (the equivalent of 
the middle and lower thirds of the face in humans) remained nearly 
unchanged. The overall average throughout the observation period 
was 2.14 ± 0.40, with a tendency to decrease. This corresponds 

Radiographic landmarks

So - Junction of inner surface of frontal bone and anterior cranial fossa

Ba - Most anterior, inferior aspect of foramen magnum (basion)

Sut - Endocranial surface of the coronal suture

Cr - Point radially most distant from So and located on inner curvature of posterior cranial 
fossa

Pc - Most posterior point on the curvature of the mandibular condyle

Pcb 
- 

Most anterior point on the posterior ramal contour

Go - Most posterior, inferior point on the gonial angle (gonion)

Me - Point where a line from So, tangent to the inner cortex of the mental symphysis, 
intercepts the inferior outline of the chin (menton)

Gn - Most anterior, inferior point on the outer curvature of the chin (gnathion)

Ac - Anterior, superior limit of the mandibular alveolar process

1 - Maxillary central incisor axis

1 - Mandibular central incisor axis

TA B L E  1  Definition of landmarks 
according to Sampson et al.28
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to the vertical size of the nose being twice as large as that of the 
mouth.

Angular variables changed significantly between ages 2 and 
3 months only. The two variables related to dentoalveolar growth 

(1- Ba- So and 1- Go- Gn) increased significantly between ages 2 and 
3 months indicating an increase in the labial inclination of the upper 
and lower incisors.

3.2  |  Masticatory function

As food began to be offered from month one, there was no chewing 
analysis in month zero. We could not observe significant differences 
between the food types (marshmallow or Castella) in any of the varia-
bles that we measured, so the results of both food types were pooled.

Jaw movements during the masticatory cycle were measured 
by one angular (Frankfurt- Mandibular plane angle, FMA) and one 
linear variable (inter- incisal distance, IID). FMA was measured at 
the point of maximum closing (closed), maximum opening (open). 
Additionally, FMA was analysed as a measure of the difference be-
tween values obtained at the maximum opening and maximum clos-
ing. IID was measured at the point of maximum opening during the 
masticatory cycle. No significant change was observed throughout 
the studied period. The average FMA was 17.45 ± 3.18 at maximum 
closing and 29.45 ± 5.25 at maximum opening; FMA difference of 
12.04 ± 4.07 degrees (Figure 3E). The average interincisal difference 

Variable Growth Measurements

Linear

So- Ba Neuro Cranial base

So- Me Facial Face height

Ac- Gn Mandible Mandibular anterior alveolar height

Go- Me Mandible Mandibular length

Pc- Me Mandible Mandibular length

Pcb- Me Mandible Mandibular length

Sut- So Neuro Cranial vault

Sut- Ba Neuro Cranial height

So- Cr Neuro Cranial depth

So- Pal Facial Perpendicular distance from So to 
the palatal plane

Pal- GoGn Facial/Dental Perpendicular from Pal to the 
mandibular plane Go- Gn

So- Pal/Pal- GoGn Facial The ratio of upper face height to 
lower face height

Angular

Ba- So- Me Facial Mandibular prognathism relative to 
cranial base

Ba- So- Sut Neuro Cranial vault angle

Go- Gn- Ac Mandible Mandibular dento- alveolar 
prognathism

1- Ba- So Dental Maxillary incisor (1) axis angulation

1- Go- Gn Dental Mandibular incisor (1) axis 
angulation

Pc- Go- Gn Mandible Gonial angle

Pc- Go- Me Mandible Gonial angle

Note: The abbreviations are defined in Table 1.

TA B L E  2  Linear and angular 
measurements

F I G U R E  2  Trace of the common marmoset skull with reference 
points. Typical tracing obtained from a three- month- old marmoset
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was 6.16 ± 1.50 mm at the point of maximum opening during mas-
tication (Figure 3G).

The timings of the masticatory cycle changed very little across 
the studied period. Significant changes were observed in the 
length of the opening phase of the masticatory cycle between 
ages 1 and 2 months (decrease, p = 0.004, Mann- Whitney U test). 
The closing phase of the masticatory cycle increased marginally 
through the observed period, but not significantly from 1 month 
to the next. The total cycle length (opening phase + closing phase) 
did not change significantly between consecutive months. The 
length of the opening phase was longer than that of the closing 
phase at ages 3 and 4 months (p < 0.001, Wilcoxon signed- rank 
test) (Figure 3F).

Qualitative analysis (Figure 3D and Video S2) of feeding be-
haviour showed that: (A) marmosets had a slight preference for 
Castella over Marshmallow; (B) Chewing was observed more often 

than gnawing. Most often, they bite pieces of food to chew with 
their posterior teeth (Figure 3E); (C) They handled food with their 
hands instead of eating directly off the ground; (D) In almost all ob-
servations, the marmosets chewed their food continuously, without 
interruption.

4  |  DISCUSSION

In this study, we described the growth of the cranium in the mar-
moset during the first four months after birth. We show that the 
pattern of growth was not continuous, but rather concentrated in 
one or two periods of spurt. This pattern resembles that observed in 
human infants and thus gives support to the notion of the marmo-
set as an ideal animal for modelling human craniofacial growth and 
development.

F I G U R E  3  Feeding behaviour in young marmosets. (A– D) qualitative characteristics of the feeding behaviour (all ages pooled). (E) 
Frankfurt- mandibular plane angle measured in degrees during masticatory cycles at the point of maximum opening (Open), maximum closing 
(Closed), and the calculated difference between maximum opening and closing (Difference). (F) Duration of the masticatory cycles measured 
in milliseconds. Opening phase (Closing): time from maximum closing to maximum opening. Closing phase (Closing): time from maximum 
opening to maximum closing. Total cycle: time from maximum closing to the next maximum closing position. (G) Interincisal distance 
measured in mm at the point of maximum opening during masticatory cycles. (H) Radiographic images of feeding behaviour. Left: Two- month 
old marmoset eats a piece of Castella cake. Right: Three- month old marmoset eats a piece of marshmallow. *Significant difference when 
compared to the previous month. #Significant difference when compared to the closing phase at the same age
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4.1  |  Expansion of the neurocranium is driven 
by the growth of the brain

Our results showed two periods of rapid growth of the neurocra-
nium: between ages 0– 1 month (measured at So- Ba, So- Cr, and 
Sut- So) and between ages 2– 3 months (So- Ba and Sut- Ba). Goss 
et al.19 reported that the general pattern of growth observed in 
marmosets appears to be similar to that in humans, with growth 
in width of the cranium being largely completed first, followed by 
cranial length, craniofacial length and then face height. According 
to Marcucio et al.30 the brain is the foundation upon which the face 
is built. In addition to sharing embryonic origins of tissues, the brain 
and face share a common space in the developing embryo. After 
birth, the growth of the neurocranium continues to be largely dic-
tated by the size of the brain,31 which achieves its peak volume at 
6 months of age in the marmoset.15 Sampson et al.28 found that 
the size of the neurocranium increases most rapidly up to the age 
of 3 months and reaches adult size between ages 3 and 6 months. 
These findings and ours indicate that growth in the neurocranium 
seems to precede that of the face.

4.2  |  Growth of the face: timing matters. 
Comparison with human infants

The timeframe is an important variable in craniofacial growth 
studies. Sampson et al.28 studied craniofacial growth radiographi-
cally in sedated marmosets at 3- month intervals (0, 3, 6, 9, and 
12 months). They showed that most of the craniofacial growth 
occurs during the first 6 months after birth. Because our method 
did not require the use of anaesthetics, we were able to take ra-
diographs at shorter time intervals, and in very young animals. 
Hence, we decided to assess the animals monthly and from birth 
aiming to acquire more detailed results during a shorter time-
frame. As a result, we observed that most facial growth occurred 
between ages 2 to 3 months.

The majority of the results which had no statistical significance 
from one month to the next were related to the growth pattern of 
the lower third of the face and mandible. This result is in line with 
Goss et al.19 that stated that face height is the last face part to grow 
in young marmosets. We also observed that the cranial depth (So- 
Cr) and the mandibular prognathism in relation to the cranial base 
(Ba- So- Me) did not undergo major changes in the analysed period. 
On the other hand, we observed statistically significant changes in 
the measurements of the face especially from the second into the 
third month of age. Considering the stages of human development,15 
the 3 months of age in the marmoset may correspond to 2 years of 
age in a human child. In a study of healthy Caucasian children aged 
0– 7 years, Krimmel et al.32 found that most craniofacial growth 
happens during the first 2 years of life. Cesani et al.33 pointed out 
that the face grows at a faster rate and for a shorter time than the 
neurocranium and appears to be more susceptible to environmental 
factors.

4.3  |  The growth of the mandible is the slowest 
in the cranium and continues into adulthood

A bigger proportion middle face/lower face confers a juvenile ap-
pearance to the face. Previous studies using anaesthetized or dead 
marmosets may have measured the mandible in an unnatural posi-
tion in relation to the cranium. Our measure of proportion between 
the middle and lower ‘thirds’ of the face was at least 50% larger than 
that reported previously.28 Terhune et al.34 highlighted that consid-
erable variation exists in mandibular ramus form among primates, 
particularly great apes and humans. Their results suggest that mor-
phological differences among species in ramal morphology appear 
early in ontogeny and persist into adulthood. It is noteworthy that 
in humans a vertical and sagittal growth of the maxilla and mandible 
prevails, especially after the first year of life.32 This process occurs 
mainly in the middle and lower thirds of the face, a region whose 
growth is influenced by oral and nasal functions.35 This fact most 
likely explains why the proportions of the facial thirds in childhood 
may be different from the proportions in adulthood.35 Likewise, the 
marmosets’ craniofacial shape and proportions might be influenced 
by factors such as feeding behaviour— this hypothesis should be 
tested in future studies.

4.4  |  Mastication: Brain mechanisms must adapt 
to the growing structures of the face

In this study, besides assessing the animals monthly since birth, we 
opted to perform it during their natural feeding behaviour, which 
represents a less stressful experiment and favours a more natural 
posture. Additionally, instead of assessing the images only statically, 
we did it dynamically, which grants also a functional and physiologic 
interpretation of the results. Our results showed that timing and 
basic form of masticatory movements remained largely unchanged 
from ages 1 to 4 months.

As masticatory function depends directly on muscle thickness 
and force in humans,36 particular features of marmosets’ muscle 
anatomy and function might play a role in this hypothesis of chewing 
adaptation. The masticatory apparatus of Callithrix jacchus demon-
strates both absolutely and relatively elongated muscle fibres within 
the jaw adductors in comparison with cotton- top tamarins, for ex-
ample.37,38 Given that fibre length is directly proportional to muscle 
excursion and by extension contraction velocity, this result suggests 
that marmosets have masseters designed for relatively greater 
stretching and, hence, larger gapes. Taylor and Vinyard37 suggest 
that the fibre architecture of the common marmoset masseter is 
part of a suite of features of the masticatory apparatus that facili-
tates the production of relatively large gapes during tree gouging. 
Indeed, physical characteristics of the jaws, salivary flow, and activ-
ity of masticatory muscles seem to serve as constraints in keeping 
the masticatory frequency constant, especially in smaller animals.39

A recent study in humans showed no difference in the cycle du-
ration or gape size between groups of children of different ages and 
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adults; although they did find a significant difference in the lateral 
amplitude of the masticatory movement between small children and 
adults.40 Therefore, neural mechanisms of masticatory function in 
the marmoset must be able to adapt to keep the chewing cycle dura-
tion stable despite the physical growth of the jaws, but further anal-
ysis of specific time- points or specific phases within the masticatory 
cycle41 may still reveal features of oral motor control that we could 
not detect in our study.

4.5  |  Study limitations

As marmosets are sparsely used as models in animal research, some 
methodological challenges are expected. As we opted for a longi-
tudinal assessment in live animals, it was contraindicated to anaes-
thetize them repeatedly. Sampson et al.28 faced some radiographic 
challenges during their experiment, mainly related to minor varia-
tions in marmoset craniofacial morphology. For that reason, it was 
necessary to develop new landmarks from those described in the 
original work. Another point made by them was that the maxilla 
in the marmoset is fragile, with no dense bony landmarks. Thus, 

analysis of maxillary development was limited to the use of the max-
illary central incisor and the palate as landmarks. In this study, during 
the image analysis, we faced similar challenges. For example, some 
cephalometric points were not well defined, causing some difficulty 
in landmark localization. Therefore, alternative landmarks were used 
for some measurements, such as the Pcb, Pc and Go points, as recom-
mended and consistent with Sampson et al.28 Moreover, we aimed 
to perform a more functional and natural assessment. Considering 
that the animals were able to move freely in the cage, the process 
of carefully positioning the cage during imaging (see Supplementary 
Material) and afterwards finding the most appropriate video frames 
for cephalometric measurement was labour- intensive. On the other 
hand, it favoured a more natural posture of the mandible and was 
functionally more accurate. For these reasons, there were difficul-
ties in determining cephalometric landmarks, and therefore, our 
measurements show larger standard deviations in comparison with 
Sampson et al.28 It is also worth mentioning that measurements of 
jaw movements made with jaw tracking devices can be done in much 
more detail in an automated manner.29,42 Measurements taken from 
video images are more time- consuming and could not be done in the 
same level of detail.

TA B L E  3  Results of the cephalometric measurements and body weight

Age (months)

Friedman
sig diff. from 
previous month#

0 1 2 3 4

n Mean SD n Mean SD n Mean SD n Mean SD n Mean SD p

Linear

Neuro So- Ba 10 20.28 2.37 10 23.43 4.78 10 23.15 2.51 10 27.74 1.61 7 28.03 2.27 0.001* 1, 3

Facial So- Me 10 18.92 1.91 10 23.38 3.37 10 23.21 1.63 10 26.90 1.48 7 26.90 2.23 0.001* 1, 3

Mandible Go- Me 10 15.47 3.09 10 16.60 3.54 10 16.02 1.22 10 18.45 1.70 7 18.60 1.33 0.025* 3

Mandible Pc- Me 10 15.72 2.05 10 18.62 5.21 10 16.70 1.69 10 19.56 1.20 7 19.76 1.56 0.025* 3

Mandible Cpb- Me 10 15.29 2.17 10 18.02 5.21 10 16.02 1.83 10 18.31 1.22 7 18.68 1.52 0.019* n/a

Neuro Sut- So 10 16.64 1.83 10 19.72 2.68 10 19.24 1.81 10 17.54 2.09 7 17.79 1.18 0.007* 1

Neuro Sut- Ba 10 19.57 2.51 10 21.28 2.83 10 21.92 1.82 10 26.04 1.80 7 25.90 1.88 0.001* 3

Neuro So- Cr 10 33.70 4.08 10 39.66 5.62 10 35.58 4.06 10 39.43 2.22 7 38.71 2.93 0.015* 1

Facial So- Pal 10 12.71 1.38 10 15.39 2.35 10 15.63 1.39 10 17.78 1.23 7 17.95 1.66 0.001* 1, 3

Facial/Dental Pal- GoGn 10 5.46 1.68 10 7.49 3.05 10 9.45 2.23 10 7.80 0.99 7 8.09 1.36 0.008* n/a

Facial So- Pal/Pal- GoGn 10 2.33 0.54 10 2.05 0.40 10 1.94 0.34 10 2.30 0.35 7 2.08 0.11 0.073 3

Angular

Facial Ba- So- Me 10 50.04 4.03 10 53.20 4.03 10 51.78 5.23 10 48.98 3.12 7 48.43 1.21 0.103 n/a

Neuro Ba- So- Sut 10 61.70 4.37 10 59.32 4.10 10 59.55 4.12 10 63.75 1.75 7 63.90 1.75 0.000* 3

Mandible Go- Gn- Ac 10 133.73 12.53 10 135.03 10.96 10 137.65 10.87 10 132.03 4.98 7 131.83 3.33 0.197 n/a

Dental 1- Ba- So 10 81.90 4.70 10 79.83 4.89 10 78.40 3.54 10 82.68 1.22 7 84.86 2.31 0.021* 3

Dental 1- Go- Gn 10 130.63 7.20 10 126.57 6.48 10 123.54 4.28 10 131.28 2.27 7 134.38 1.71 0.006* 3

Mandible Pc- Go- Gn 10 93.18 9.86 10 89.58 15.43 10 77.00 6.69 10 83.73 3.84 7 86.07 2.19 0.005* n/a

Mandible Pc- Go- Me 10 92.50 10.14 10 89.12 15.86 10 76.98 7.29 10 83.65 3.56 7 84.71 4.73 0.024* n/a

Whole body Body weight 10 45.05 4.32 10 71.55 11.42 10 112.38 18.57 10 149.85 27.02 7 178.86 32.89 0.000* 1, 2, 3

Note: Abbreviations are defined in Table 1.
*p < 0.05 in the Friedman test.
#Numbers indicate months with significant difference in comparison with the previous month (p < 0.0125 in the Wilcoxon signed- rank test).
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4.6  |  Clinical implications

The results of this study, when associated with genetically modi-
fied non- human primate models recently developed for the Callithrix 
jacchus,43 may serve as a starting point for use in life sciences re-
search regarding to the pathophysiology of growth and develop-
ment disorders of the craniofacial complex. Our results can add to 
the understanding of the etiological factors involved in pathologies 
that affect the human craniofacial complex, which may add clinical 
relevance to the rehabilitation of orofacial functions and the diag-
nosis and management of sensorimotor disorders.44 Previous stud-
ies have layed out some important variables that could be involved 
in the pathogenesis of oral dysfunctions,29,42,45 and most of these 
variables could be measured in our model. We believe that the use 
of a dynamic minimally invasive technique like cineradiography can 
broaden experimental studies in the field of applied physiology. 
Finally, we consider that the marmoset is a good model for studies 
involving craniofacial growth and masticatory function which can 
strengthen the importance of the bridge linking experiments in ani-
mal models to humans.

5  |  CONCLUSIONS

Cineradiographic imaging presented itself as a feasible, safe and dy-
namic minimally invasive technique to assess masticatory function in 
the marmoset. A craniofacial growth spurt was observed in marmo-
sets from two to three months of age, which may indicate the most 
critical time point for studying growth disorders. Despite jaw growth 
and the food consistency offered, the neural mechanisms of masti-
catory function seem to adapt to maintain the duration of the masti-
catory cycle stable in marmosets during the first four months of life.
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