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Abstract 
 
Background: The implications of oral rehabilitation after tooth loss requires further investigation.  
Objectives: To conduct a pilot study to investigate: i) changes in masticatory performance with 
progressive oral implant rehabilitation (POR); ii) association between POR and neurocognitive 
function using functional magnetic resonance imaging (fMRI); and (iii) oral health-related quality 
of life (OHQoL) outcomes. Methods: Four completely edentulous patients (mean age: 73±1.4 years) 
participated. Each received new complete removable dental prostheses (RDPs) transitioned to 
mandibular two implant-retained RDPs (IR-RDP). Assessments were performed at 4 time points for 
neurocognitive skills, fMRI with functional tasks (jaw clenching, working memory and sustained 
attention, inhibition), masticatory performance with colour-changing gum and OHQoL. 
Assessments were performed with new complete RDPs (T0 as baseline data) and IR-RDPs at 1 week 
(T1), 6 weeks (T2) and 12 months (T3) post-insertion. Data analyses were based on intra-patient 
and inter-patient results. Results: Masticatory performance and QoL improved with an IR-RDP at 
each time point. FMRI jaw clenching sensory and motor cortical activity decreased at T1, with 
motor cortical activity increasing to T0 levels at T2. For cognitive fMRI activation tasks, cortical 
activity decreased from T0 to T1 across all regions of interests (ROI), and increased at T2 
throughout the cognitive brain regions. Neurocognitive skills declined at T1, followed by 
improvement to or beyond T0 levels at T2. Conclusion: Improvements in masticatory performance 
and OHQoL occurred from complete RDPs to IR-RDP. Prosthetic adaptation was associated with 
neurocognitive changes to pre-insertion activity levels or greater after 6 weeks. This pilot data 
suggests both behavioural and neural associations between POR and cognition, however, larger 
study numbers are required. 
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Introduction 
 
The increasing incidence of cognitive impairment in the aging population, including mild cognitive 
impairment (MCI), dementia and Alzheimer’s disease is a major health concern. According to the 
World Health Organisation (WHO), approximately 50 million people suffer from dementia 
worldwide and nearly 10 million cases are newly diagnosed every year.1 Cognitive impairment is a 
common phenomenon in aged individuals; however, it remains unclear why certain individuals 
experience a more severe and rapid decline. The American Academy of Neurology (AAN) reported 
that the prevalence of MCI increases with age, ranging from 6.7% to 25.2% for individuals aged 
between 60 and 84 years.2 In addition, the rates of conversion from MCI to dementia range from 
11.6% to 19.1% with a relative risk of 3.3 when compared with age-matched controls.2 Cognitive 
impairment has physical, psychological, social and economic impacts, not only on those 
individuals, but also on their carers, families and society. Patients commonly exhibit behavioural 
and neuropsychological symptoms which include agitation and irritability, anxiety and depression, 
impaired attention and concentration, and loss of memory and executive function.3, 4 The 
treatment and management of dementia is challenging and limited to symptomatic alleviation. 
Fortunately, cognitive impairment appears to be partially reversible, and it is therefore imperative 
to target modifiable factors, in an attempt to reduce the risk and progression of cognitive 
impairment.2, 5, 6 
 
Clinical observations and animal experiments have suggested poor oral health, especially tooth 
loss as a potential risk factor for the decline in cognitive function.7-9 The global prevalence of 



edentulism is 7.6% and approximately 14% in adults over 50 years.10 Edentulism is a debilitating 
and irreversible condition and is described as the “final marker of disease burden for oral 
health”.11 The adverse implications of tooth loss on mastication12-15 and quality of life15-22 (QoL) 
have been extensively reported. In addition, decreased masticatory performance, primarily by the 
loss of teeth may be associated with cognitive decline22-28 and increased dementia incidence8, 9, 22, 

24, 29-46; however, other studies have not found such associations.47-56  
 
Current publications have evaluated the cognitive effects of masticatory changes by investigating 
behavioural effects7, 28, 57, alterations to the brain structure7, 57-67 and cognitive function26, 28, 44-46, 

57, 68. The association between the degree of tooth loss and cognitive decline is supported by 
several studies6, 7, 26, 60, which showed that patients with fewer teeth had lower neurocognitive 
test scores, total brain volume and grey matter volume compared with patients with no tooth 
loss.6, 59, 60 Furthermore, animal and human studies have established that tooth loss and 
masticatory dysfunction induces chronic stress, provoking pathological changes to the 
hippocampus and cerebral cortex.6, 7, 59, 60 This in turn negatively affects attention, learning, 
memory and spatial awareness.9, 57, 69-74 However, these cognitive defects were partially reversed 
when masticatory function was restored23, 63, 70, 75, 76, emphasising the importance of oral health. It 
is thought that maintaining and improving masticatory efficiency may play a role in preserving or 
enhancing the general health of patients, including cognition and QoL.61, 74, 77-79 
 
Prosthodontic rehabilitation has successfully optimised oral health by restoring masticatory 
function and facial aesthetics. Moreover, it has been shown to improve swallowing function and 
nutrition resulting in better physical function and oral health-related quality of life (OHQoL).24 
Dental implant rehabilitation enhances masticatory function, not only by increasing occlusal 
contact area and occlusal force; but also by increasing retention, stability and support, facilitating 
a wider range of jaw movements. The benefits of implant-retained and implant-supported 
prostheses on mastication, comfort, OHQoL and psychosocial health have been reported.80, 81 
However, there is limited prospective data on cognitive changes with implant rehabilitation in 
edentulous patients. 
 
Research in animals and humans have shown that mastication is associated with neurocognitive 
function and processing.30, 78, 82 This is represented by improvements in attention, learning and 
memory, spatial acuity, decision-making and multi-tasking abilities.74, 76, 83 In addition, it has been 
suggested that changes in neurocognitive function may be associated with changes in cortical 
activity, depicted by changes in cerebral blood flow61 and blood-oxygen-level-dependent (BOLD) 
signals.73, 76, 84 These cortical changes may be assessed by specific instruments, some of which 
include magnetic resonance imaging (MRI), functional MRI (fMRI), electroencephalogram (EEG) 
and functional near-infrared spectroscopy (fNIRS).64, 65, 73, 76, 84 It is important to recognise that an 
increase in cerebral blood flow associated with an increase in cortical activity may reflect 
increased inhibitory activity and not necessarily increased excitatory activity. In fact, it more 
accurately reflects an increase in both excitatory and inhibitory activity. Therefore, increased 
blood flow in a region may actually reflect a suppression of excitatory activity in the region of 
interest.  
 
The aims of this pilot study were to investigate: (i) the changes in masticatory performance with 
progressive oral implant rehabilitation (POR), (ii) the association between POR and neurocognitive 
function using fMRI, and (iii) OHQoL outcomes with POR. It was hypothesised that POR is 
associated with improvements in masticatory performance, improvements in neurocognitive 
function, and improvements in OHQoL measures. 



 
Methods 
 
Patients 
All completely edentulous patients, regardless of age, who attended the Westmead Centre for 
Oral Health in Sydney, Australia and were undergoing POR to a mandibular two implant-retained 
removable dental prosthesis (IR-RDP) were assessed for participation in this study. Inclusion 
criteria were patients must speak and understand English and have functioning RDPs without 
complications. Exclusion criteria were a history of neurological or psychiatric illnesses, 
psychological disorders, dementia or severe cognitive impairment, colour blindness, 
contraindications to magnetic resonance imaging (MRI) including claustrophobia or 
temporomandibular disorders. Written informed consent was obtained and the Western Sydney 
Local Health District Human Research Ethics Committee approved the study protocol. 
 
Masticatory performance 
A colour-changing chewing gum (Masticatory Performance Evaluating Xylitol Gum; Lotte Co Ltd, 
Tokyo, Japan) was used to evaluate masticatory performance. Patients were instructed to chew on 
their dominant side for 60 chewing strokes, which minimised fatigue-related errors.85 The chewed 
gum was immediately flattened to a thickness of 1.5mm and measured with a colourimeter (CR-
10; Konica-Minolta Sensing, Tokyo, Japan) on both sides at 5 different points. The colourimeter 
calculated the difference in gum colour (ΔE) before and after the masticatory task. Mean ΔE values 
were used to analyse the change in masticatory performance at each time point. Higher ΔE values 
are indicative of more colour change and therefore, better masticatory efficiency. 
 
Oral health-related quality of life 
Quality of life was assessed using the 16-item United Kingdom Oral Health-related Quality of Life 
Measure (OHQoL-UK) questionnaire.86 The OHQoL-UK incorporates negative and positive 
influences on health (eating, appearance, speech, general health, sleep, social life, romance, 
laughter, confidence, carefree manner, mood, work, finances, personality, comfort, breath odour) 
with five response categories ranging from very bad to very good. The total score is 80, with 
higher scores representing better OHQoL.  
 
Functional MRI activation tasks 
All patients were instructed to perform 3 standarised fMRI activation tasks that assessed motor 
processes (sensory and motor activation using the Jaw Clenching Task) and cognitive processes 
(sustained attention and working memory using the Continuous Performance Task; and impulsivity 
and inhibition using the Go-NoGo Task).87, 88 The Jaw Clenching Task paradigm was an alternation 
between 20 seconds of jaw clenching activity (on) and 20 seconds of rest in the resting jaw 
posture position (off). This on–off procedure was repeated 5 times. During the Continuous 
Performance Task paradigm, a series of 120 yellow or white letters (B, C, D, or G) were presented 
sequentially. Patients were instructed to press the buttons when the same yellow letter appeared 
twice in a row. The Go-NoGo Task paradigm involved the word ‘press’ in either green (Go 
response) or red (NoGo response). Patients were instructed to respond by pressing the button 
when the Go (green) stimuli appeared and not to respond (do not press the button) for the NoGo 
(red) stimuli. 
 
Functional MRI acquisition 
MRI acquisitions were performed using a 3.0 Tesla Siemens Prisma MR system (Siemens 
Healthcare, Erlangen, Germany) running version VE11C software. Acquisitions on this system were 



performed using a 64-channel phased array head/neck coil. For the functional-motor task (Jaw 
Clenching Task), an EPI sequence was used to acquire 50 contiguous axial/oblique slices with 
following parameters: slice thickness = 4.0mm; TR = 4000ms; TE = 35ms; matrix = 96 × 96; FOV = 
24cm; flip angle = 90°. For the motor activation task, 55 volumes and 3 cortical activity at rest, 
called dummy scans were collected in a total scan time of 3 minutes and 52 seconds. For each of 
the 2 functional-cognitive tasks (Continuous Performance Task and Go-NoGo Task), 40 contiguous 
axial/oblique EPI slices were acquired using the following parameters: slice thickness = 2.8mm; TR 
= 2500ms; TE = 27ms; matrix = 86 × 86; FOV = 24 cm; flip angle = 90°. For each of the cognitive 
activation tasks, 120 volumes and 3 dummy scans were collected with a total scan time of 5 
minutes and 8 seconds. Structural 3D T1-weighted images were then acquired in the sagittal plane 
using a 3D magnetisation-prepared rapid gradient echo (MP-RAGE) sequence using the following 
parameters: TR = 2300ms; TE = 2.2ms; flip angle = 9°; TI = 900ms; averages = 1; iPAT = 2; phase 
direction = A/P; slice thickness = 0.9mm; 192 slices per slab; matrix = 286 × 286; FOV = 256 x 256 
resulting in 0.9mm3 isotropic voxels and a total scan time of 5 minutes and 55 seconds. The MP-
RAGE sequence was collected for use in a unified segmentation approach for normalisation of the 
fMRI data to standard space. 
 
Regions of interest 
For the motor activation task, regions of interest (ROIs) were the right and left precentral gyrus (R-
PRCG & L-PRCG), postcentral gyrus (R-POCG & L-POCG), prefrontal cortex (R-PFC & L-PFC), and 
supplementary motor cortex (R-SMC & L-SMC). For the cognitive activation tasks, ROIs were the 
right and left dorsolateral prefrontal cortex (R-DLPFC & L-DLPFC), superior posterior parietal 
cortex (R-sPPC & L-sPPC), inferior posterior parietal cortex (R-iPPC & L-iPPC), and the dorsal 
anterior cingulate cortex (dACC). 
 
Functional MRI data analysis 
The fMRI data was pre-processed and analysed using Statistical Parametric Mapping (SPM-8) 
software (www.fil.ion.ucl.ac.uk/spm). The level of cortical activity at rest from the 3 initial dummy 
scans were averaged and used as a reference to assess changes (increase or decrease) in cortical 
activity during the functional tasks using SPM-8. Motion correction was performed by realigning 
and unwarping the fMRI images to the first image of each task run. The T1-weighted data was 
normalised to standard space using the boundary-based registration technique89 and the ‘fMRI of 
the brain non-linear registration tool’ (FNIRT).90, 91 fMRI data was smoothed using an 8mm 
Gaussian kernel. The details of this fMRI data analysis have been comprehensively described in 
previous studies.87, 88  For the motor task (Jaw Clenching Task), a hemodynamic response 
convolved box car function was used to model the BOLD response. For the cognitive tasks 
(Continuous Performance Task and Go-NoGo Task), a canonical hemodynamic response function 
convolved event-related model was used to model the BOLD responses.  
 
In the first-level fixed effect analysis, the following contrast images were derived for each 
participant at each time point. Cognitive tasks: Continuous Performance Task – working memory 
and sustained attention vs baseline (to assess working memory function and sustained attention); 
and Go-NoGo Task – NoGo vs baseline (to assess response inhibition). Motor tasks: Jaw Clenching 
Task – clenching task vs rest condition. Individual contrast images were normalised to standard 
space using the normalisation warps estimated in the pre-processing steps above. The standard 
space contrast maps were then entered for all second-level random effects analyses. 
 
Neurocognitive assessment 

http://www.fil.ion.ucl.ac.uk/spm


A series of 5 neurocognitive assessments were selected to correlate with the fMRI cognitive 
activation tasks. Two were cognitive screening tests: Modified Mini-Mental State Examination92 
(3MS) and Quick Mild Cognitive Impairment93, 94 (QMCI), and 3 were specific standardised 
neuropsychological assessments: Wechsler Adult Intelligence Scale – 4th Edition (WAIS-IV) Digit 
Span Task95 (DST); Hayling Sentence Completion96 (HSC) Test; and Trail Making Test97, 98 (TMT).  
 
The 3MS92, an extension of the Mini-Mental State Examination (MMSE) is primarily used to screen 
for dementia or severe cognitive impairment (SCI). It assesses orientation, attention, memory and 
executive function. The QMCI93, 94 differentiates between normal cognition, mild cognitive 
impairment (MCI) and dementia while adjusting for age and education. It is comprised of domains 
that include visual-spatial function, delayed recall, verbal fluency and logical memory. The total 
score for both assessments is 100, with higher scores representing less cognitive impairment and 
better executive function. 
 
The DST Forward and Backward95 evaluates basic auditory attention and working memory, 
respectively. Patients were instructed to recall a sequence of numbers in the same and reverse 
order, respectively. The sequence of numbers were successively longer and scoring was based on 
the number of correct responses. Higher DST scores represent better attention and working 
memory. The HSC96 test assesses initiation speed and inhibition control. In part A, the last word of 
each sentence was missing and patients were instructed to generate a word that correctly 
completed the sentence. On the other hand, in part B, patients had to incorrectly complete the 
sentence with a nonsensical word that was unconnected with the sentence. Scoring was based on 
response times and the number and categories of connected responses. Higher scores 
represented more errors and cognitive impairment. The 2-part TMT97, 98 provided information on 
visual search, psychomotor speed, and executive functions. In TMT-A, patients were instructed to 
connect 25 encircled numbers distributed on a sheet of paper in an ascending sequence as quickly 
as possible. Task requirements were similar for TMT-B except patients alternated between 
numbers and alphabets (e.g., 1, A, 2, B, 3, C). The task duration was taken as the score, with lower 
scores representing better cognitive function. 
 
Protocol 
This pilot study required the replacement of complete RDPs for each patient to ensure that 
patients had new, stable and satisfactory prostheses to undergo progressive oral implant 
rehabilitation to an IR-RDP. The evaluation of outcome parameters prior to new replacement 
complete RDPs was published by Luraschi et al, who reported that changes in cortical activity after 
the replacement of complete RDPs returned to pre-replacement cortical activity levels after 3 
months.62 Therefore, patients were given 3 months to adapt to their new complete RDPs and 
baseline outcome parameters were evaluated 3 months after the insertion of new replacement 
complete RDPs (time point T0 – as baseline). Subsequently, patients had implant surgery and their 
mandibular prosthesis was transitioned to an IR-RDP with 2 implants. Following implant 
rehabilitation, the evaluation of identical outcome parameters were repeated at three specific 
time points: 1 week (time point T1), 6 weeks (time point T2) and 12 months (time point T3). The 
following outcome parameters were evaluated: masticatory performance, cortical activity using 
fMRI, neurocognitive skills and OHQoL. The timeline of this study is shown in Figure 1. 
 
Statistical Analysis 
Due to the limited sample size in this pilot study, the same pre- and post-rehabilitation outcome 
parameters were compared and evaluated qualitatively. Data were analysed using change scores 
(rate of change) from T0 (baseline) for each of the data collection time points (T1 to T3). 



Comparisons to identify trends were based on intra-patient and inter-patient results across the 4 
time points (T0 to T3). 
 
Results 
 
Patient sample 
In this pilot study, four completely edentulous patients (2 males, 2 females; mean age: 73 ± 1.4 
years, range: 72-75 years) met the inclusion and exclusion criteria. Patient demographics from 
dental records showed that all patients were retired with 75% having a previous occupation, were 
born overseas and English was not their primary language. Only one patient had tertiary 
education. None of the 4 patients had dementia or SCI according to the 3MS. However, the QMCI 
classified all patients as falling in the MCI category. The characteristics of these 4 patients are 
listed in Table 1. 
 
Masticatory performance 
The raw scores for masticatory performance (ΔE) are shown in Figure 2. Individual and group 
analysis showed that masticatory performance increased across each successive time point. 
Comparative analyses between successive time points showed continual adaptive changes with 
increases in masticatory performance with an IR-RDP. The results indicated a trend to better 
masticatory performance with IR-RDPs over 12 months compared with complete RDPs. 
 
Oral health-related quality of life 
OHQoL-UK scores were converted into percentages and are presented in Figure 3. Patients 
reported improved OHQoL with an IR-RDP than with complete RDPs. This was apparent after one 
(T1) and six (T2) weeks of implant prosthesis use. Figure 3 also shows a larger variance in OHQoL 
scores for complete RDPs (T0) compared to the IR-RDP. OHQoL continued to increase at a lower 
rate at 12 months (T3), almost reaching maximum satisfaction. 
 
Cortical activity during motor and cognitive activation tasks 
Jaw Clenching Task data (Figure 4a) showed decreased activation at T1 in all motor and sensory 
areas. At T2, the sensory-dominant PRCG and PFC returned to T0 levels. In contrast, activation in 
the motor-dominant POCG and SMC continued to decrease at T2. 
 
Mean data from the Continuous Performance Task data (Figure 4b) showed a reduction in cortical 
activation from T0 to T1 across all ROIs. This was followed by an increase in activation from T1 to 
T2, except in the left inferior posterior parietal cortex (L-iPPC) and left superior posterior parietal 
cortex (L-sPPC), which decreased in activation. Similarly, mean Go-NoGo Task data (Figure 4c) 
showed a clear trend in the reduction in cortical activation from T0 to T1 across all ROIs, with the 
exception of the L-iPPC and L-sPPC, which increased in activation at T1. However, all ROIs showed 
increased activation levels from T1 to T2 with the Go-NoGo Task. The change in BOLD cortical 
activity is depicted in Figure 4d, which shows the fMRI activation maps for Patient B during the Go-
NoGo Task. 
 
Neurocognitive assessments 
None of the patients had dementia or SCI; however, MCI was detected after administration of the 
QMCI, which adjusts for age and years or education. Analyses of the cognitive screening tests, 
3MS (Figure 5a) and QMCI (Figure 5b), revealed a decrease in neurocognitive function at T1. 
However, the deterioration in cognitive function reversed and was followed by an improvement to 
or beyond T0 levels at T2. 



 
Analyses of the DST scores (Figure 5c and 5d) revealed a similar trend to the other neurocognitive 
tests; a decrease in overall scores at T1, followed by an increase at T2 leading back to T0 values. In 
addition, a transient decline in inhibitory control was encountered in the HSC test (Figure 5e) at 
T1, followed by an improvement at T2 in all patients, which continued to increase over 12 months 
(T3). 
 
Assessment of the TMT scores (Figure 5f and 5g) showed that female patients (Patient C and D) 
completed the task quicker than male patients (Patient A and B) at T0. However, at T2 males were 
quicker at both TMT spatial tasks than females. Intra-subject analysis of T1-T0 and T2-T0 revealed 
that males were more efficient at completing spatial tasks; and that females had deteriorated. 
Only Patient A, who had completed tertiary education, had an overall improvement in spatial 
awareness, attention, and multitasking ability (T3-T0). 
 
Discussion 
 
This pilot study systematically investigated the association between implant rehabilitation in 
edentulous patients and masticatory performance, OHQoL, cortical activity within the motor and 
cognitive control brain regions and neurocognitive function. Although a preliminary study, we 
report on follow-up data up to a period of 12 months. 
 
Individual and group analyses showed that mandibular IR-RDPs provide significant improvement in 
masticatory performance compared with complete RDPs. These findings are consistent with other 
publications.12, 99-102 The current study also demonstrated that masticatory performance and 
adaptation to an implant-retained prosthesis continued to positively change over 12 months. As a 
result, we recommend that patients who are functionally dissatisfied with their implant-retained 
prosthesis should be reviewed for 12 months to determine whether implant-supported fixed 
rehabilitation is warranted.  
 
Qualitative assessment of the colour-changing chewing gum revealed greater colour consistency 
and uniformity after the same number of chewing cycles with the IR-RDP compared to complete 
RDPs. Some studies have correlated this to higher occlusal forces, masticatory muscle activity and 
more stable mandibular movements with implant prostheses compared with complete RDPs.78, 103, 

104 The improvement of masticatory performance in edentulous patients with implant prostheses 
may allow more difficult foods to be broken down into smaller portions for swallowing, which may 
lead to a healthier, more nutritious diet.105 However, studies have reported that edentulous 
patients with mandibular IR-RDPs who benefited from an increase in masticatory performance did 
not show any improvement in their nutritional status if rehabilitation was not accompanied by 
nutritional counselling.106-110 Therefore, it is imperative that oral implant rehabilitation is 
accompanied by nutritional counselling with dieticians or clinical nutritionists to enrich the 
nutritional status of the patient, especially in aged edentulous patients. 
 
Clinical research has increasingly recognised that patients’ perceptions of their oral health are 
important in evaluating well-being and determining health care outcomes.111 The exclusive use of 
clinical measures has been generally criticised because they provide little insight into the 
psychosocial aspects of health and do not adequately reflect the health status, functioning, and 
perceived needs of edentulous and elderly individuals.15, 112 Oral health-related quality of life 
measures have been widely used in clinical studies as an outcome to assess the quality, 
effectiveness, and efficacy of oral health care.80 The 16-item OHQoL-UK questionnaire assesses the 



influences of eating, appearance, speech, general health, sleep, social life, romance, laughter, 
confidence, carefree manner, mood, work, finances, personality, comfort and breath odour.86 The 
OHQoL outcomes in this study agrees with current publications80, 104, 113-116 where improvements 
in OHQoL occurred following the transition from complete RDPs to a mandibular IR-RDP. This 
change was remarkable during the first 6 weeks and continued to increase 12 months after 
implant rehabilitation. However, it is important to emphasise that new (replacement) complete 
RDPs may be sufficient to improve all aspects of an individual's needs62 and that progression to an 
IS-FDP may be indicated where patients have not adapted to the RDP. Progression to an implant 
prosthesis should be based on consecutive OHQoL evaluations that include patient comfort and 
functional requirements. 
 
The fMRI analysis for the jaw clenching task indicated that sensory and motor activation decreased 
immediately following IR-RDP insertion; however, a trend for recovery and adaptation to an IR-
RDP was shown to occur at 6 weeks in the motor areas of the brain. This agrees with previous 
research62, where changes in brain activity occurred in adaptation to replacement complete RDPs 
and appeared to regain pre-insertion activity levels during motor tasks after 3 months. The decline 
in cortical activation from baseline to 1 week across all ROIs for both fMRI cognitive tasks may be 
due to the barrage of nociceptive afferents associated with post-operative pain limiting activation 
in ROIs required for higher cognitive functions.117  
 
The posterior parietal cortex (PPC) plays an important role in planned movements, spatial 
reasoning and attention. The results of the study showed that activation in the L-iPPC and L-sPPC 
differed from the other ROIs. Evidence that right parietal activation is higher for conceptual 
decisions on numbers118, and therefore single letters in the Continuous Performance Task (Figure 
4b), relative to the same task on object names such as the Go-NoGo task (Figure 4c), may explain 
this. In contrast, the left parietal activation for numbers (and single letters) were equally involved 
in the conceptual processing of object names (Figure 4b and Figure 4c). 
 
Analyses of all neurocognitive assessments showed similar trends; a transient decline in cognitive 
function after implant placement and loading at 1 week, followed by improvements to or beyond 
baseline levels after 6 weeks and 12 months. The decline in neurocognitive function at 1 week 
may be attributed to emotional stress and physical trauma before and during implant placement, 
as well as the mild post-operative pain and discomfort that was observed but not assessed.117, 119 
Post-operative nociceptive inputs may attenuate afferent feedback to the central nervous system 
as required for higher cognitive function, and may affect neurocognitive ability.117 The re-
establishment of neurocognitive function to baseline levels or greater occurred at approximately 6 
weeks. This may be due to the resolution of pain and masticatory improvements from the IR-RDP. 
However, variations exist and are based on individual responses to healing and neuro-adaptive 
capacity. Two patients completed the 12 month follow-up and there was a decrease in cognitive 
function at 12 months, indicated by a decrease in all neurocognitive tests except the HSC, which 
may be due to practice effects. It is important to note that these results were taken at a particular 
point in time, which does not account for bio-psychosocial variables or confounding factors that 
would influence the point in-time scores. 
 
The neurobiological mechanisms behind the association between tooth loss, cognitive decline and 
neurodegeneration are yet to be validated. Animal models suggest that tooth loss may be a risk 
factor for accelerated cognitive decline due to loss of chewing-induced sensory stimulation in 
cognitively relevant brain areas, as well as reduced volume in cortical brain regions involved in 
somatosensory, motor, cognitive and emotional functions.7, 59, 69, 72, 120, 121 Animal research has 



shown edentulism to be associated with widespread volumetric changes as well as 
neurodegeneration and impaired neurogenesis, particularly in the hippocampus, resulting in 
cognitive decline.7, 57, 69, 70, 72, 120-122 Dintica et al (2018)6 reported that dementia-free adults with 
complete tooth loss had lower hippocampal volume compared with adults without tooth loss, and 
while it did not reach statistical significance, it supports findings from animal studies.57, 69, 70, 72, 120-

122 In addition, the extent of tooth loss is associated with the degree of cognitive decline6, 7, 26, 60 as 
patients with fewer teeth had lower neurocognitive test scores, total brain volume and grey 
matter volume compared with no tooth loss.6, 59, 60 
 
The implications of masticatory changes on cognition have been studied by investigating 
alterations to brain structure7, 57-67, cognitive function26, 28, 44-46, 57, 68 and the associated 
behavioural effects7, 28, 57. Animal and human studies have established tooth loss and masticatory 
dysfunction to induce chronic stress, provoking pathological changes to the cerebral cortex and 
hippocampus6, 7, 59, 60, which negatively affected cognitive functions including attention, learning, 
memory and spatial awareness.9, 57, 69-74 However, these cognitive defects were partially reversed 
when masticatory function was restored.23, 61, 63, 70, 74-79 Lin et al reported grey matter volume and 
resting-state functional connectivity in the dorso-lateral prefrontal cortex to be positively related 
to masticatory performance.60, 67, 123 Functional MRI and position emission topography studies 
have also reported increased cortical blood flow124 and activation of the primary sensorimotor 
cortex, prefrontal cortex, premotor cortex, supplementary motor area, insular cortex, thalamus, 
cerebellum, and hippocampus after mastication.63-65, 76, 82, 125, 126; which are significantly associated 
with various cognitive functions, including episodic memory, verbal fluency, psychomotor 
performance, and delayed word recall.29, 82, 126 
 
Few studies have investigated the relationship between the rehabilitation of edentulous jaws with 
implant prostheses and its effect on cortical activity. These studies, including our study, reported a 
gradual increase in brain activity and cognitive scores with the progression of prosthetic 
rehabilitation.63, 66, 76 It has been postulated that the extent to which the final prostheses 
approaches restoration of original function, the more the sensorimotor system will approach the 
re-establishment of its original characteristics.127 The results of our study are consistent with the 
literature which shows that oral implant rehabilitation in conjunction with neuroplastic adaptation 
may compensate for reduced sensorimotor function when teeth are lost.128 This may be attributed 
to the improvement in retention, stability, muscular function, masticatory efficiency as well as 
sensorimotor feedback to the CNS with implant prostheses. Banu et al (2016) showed that an 
unloaded implant does not contribute to sensory feedback as negligible changes in brain activity 
were observed between the complete RDP and after implant placement without loading.66 Yan et 
al (2008) showed that activation of the primary sensorimotor cortex (sensory and motor feedback 
to the central nervous system) in edentulous patients with implant-supported prostheses led to 
improved tactile, stereognostic ability, and masticatory function, similar to those with natural 
dentitions.63 Kimoto et al (2011) reported supressed neural activity in the prefrontal cortex with 
patients using implant-supported RDPs (IS-FDP) which may reflect improved stress, learning and 
memory, and emotional and social behaviour.76 Even though there were different patterns of 
brain activity for each patient, IS-FDP patients showed the lowest diversity on brain activation 
maps in comparison to dentate patients. In contrast, complete RDPs patients showed more 
diverse activation maps, which suggests that complete RDP treatment relies more on the clinical 
features of denture quality, denture stability and patient adaptation.63  
 
The authors acknowledge the limitations of this preliminary study which include the lack of 
statistical analyses due to the small sample size and inter-patient variability. However, the authors 



emphasise that this is a pilot study to guide future research; and the primary objectives were to 
investigate patient-centred outcomes and intra-patient results to minimise inter-patient variability 
and identify possible confounding factors and bio-psychosocial influences. This is necessary prior 
to embarking on larger studies due to the considerable expense required for fMRI assessments 
and the analysis of cerebral cortical activity.  
 
The study population consisted of older adults with mild cognitive impairment. This study showed 
that all patients were satisfied with progressive oral rehabilitation from complete removable 
prostheses to a mandibular implant-retained prosthesis (IR-RDP). All outcome parameters 
(cognitive function, masticatory performance, and OHQoL) except cerebral cortical activity with 
fMRI were objectively evaluated with the implant prosthesis at 12 months (T3) using validated 
methods. It needs to be recognised that Australia is a multi-cultural country with a population 
which has a large inter-individual variability. A more extensive study with a larger sample size may 
still lead to variability in the data points; however, this may be representative of the world’s 
population. Intra-individual comparisons are valuable especially when responses are patient 
specific.  
 
Two observations from our pilot data are important for future studies: a) this pilot study showed 
that patients were able to self-assess their own psychosocial status which needs to be included in 
all future patient-outcomes research; and b) the data points indicate that the implications of oral 
rehabilitation should not be studied over the short-term, and should not involve only one 
treatment option – where possible, progression to an implant-supported fixed dental prostheses 
(IS-FDP) should also be considered.  
 
The literature reports an association between oral and implant rehabilitation, mastication, and 
cognitive function. This association becomes evident when there is an imbalance or decline in the 
functional status of the masticatory system. Although maintenance or rehabilitation of the 
masticatory system to a healthy status appears vital for the prevention of cognitive decline, it is 
emphasised that re-establishment of oral health does not require the presence of all teeth for a 
fully functional dentition and implant rehabilitation should be performed based on socio-
economic opportunity, individual needs and functional requirements. The maintenance, 
impairment or improvement of cognitive function is multifactorial and a complex physiological, 
biological and psychological process. These features indicate that further long-term studies are 
required with comprehensive sequential testing to determine the relationship between POR-
related masticatory changes and cognition while accounting for confounding factors and bio-
psychosocial influences. 
 
Conclusion 
 
Progressive oral rehabilitation from complete RDPs to a mandibular IR-RDP in edentulous older 
adults (>70 years) with mild cognitive impairment was associated with improved masticatory 
performance and OHQoL. Functional MRI results revealed that neurocognitive changes occurred in 
association with adaption to implant prostheses. Changes in BOLD activation levels indicative of 
altered cognitive function occurred immediately following the insertion of IR-RDPs, with 
progressive changes approaching baseline levels or greater for motor and cognitive tasks as well 
as neurocognitive assessments over an observation period of 6 weeks. This pilot study suggests 
that POR may assist with the maintenance of cognition, reflected both behaviourally and on a 
neural level, however, larger study numbers are required.  
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