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                    Abstract
In this prospective study we investigated the quantitative and qualitative taste function of patients with mild cognitive impairment (MCI) and Alzheimer’s disease (AD). 29 healthy, elderly subjects, 29 MCI and 30 AD patients were tested using a validated taste test, the “taste strips”. Additionally, odor identification, odor discrimination, odor threshold, the mini-mental state examination (MMSE) and Apo E epsilon 4 status were examined. Regarding taste, there was a significant reduction of total taste scores and also the score for individual tastes on either side of the tongue between controls and MCI/AD patients. There was no significant difference in the taste scores between MCI and AD patients. A taste test may be a useful procedure for differentiating between healthy subjects and patients with MCI/AD in a clinical context. For diagnosing MCI versus AD, further tests such as smell test, MMSE, Apo E epsilon 4 status, FDG-PET and MRI appear to be useful.
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                                    Introduction
The social impact of Alzheimer’s disease (AD) is high––in Germany 7.2% of the population over 65 suffer from AD [2]. Mild cognitive impairment (MCI) is found in 3–19% of people over 65 [18]. The annual MCI to AD conversion rate is 12% compared to 1–2% per year seen in a normal elderly population [33]. MCI defines a transient condition between physiological ageing and dementia. Patients suffering from MCI complain of memory impairment. Additionally, they exhibit preserved intellectual functions without fulfilling criteria for dementia [33]. Early diagnosis of MCI patients appears to be important and may enable a more effective, preventive treatment, thereby enhancing the possibility of avoiding/delaying conversion from MCI to AD [6].
Diagnostic procedures may include structural magnetic resonance imaging (MRI) and functional assessment with [18F]-fluorodeoxyglucose positron emission tomography (FDG-PET) [27]. Besides using a screening test such as the mini-mental state examination [16], or genetic analysis of the Apo E genotype––a well-documented risk factor for developing AD [32]––a simple smell test can also be helpful. Typical AD lesions (amyloid core and neurofibrillary tangles) can be detected in olfactory-eloquent brain regions (e.g. entorhinal cortex) especially in preclinical stages [5]. Decreased olfactory function can be observed consistently in MCI [12, 13] and AD [26]. Olfactory deficit increases with disease severity [13, 14, 26]. Patients with low olfaction scores, especially with unawareness of smelling problems, are prone to developing AD [12].
To our knowledge, there are only few studies investigating taste in a group of dementing diseases [24], in AD [22, 34, 35, 40] and in individuals at familial risk of AD [35], yet no study investigates gustatory function in MCI. Regarding MRI in MCI patients, hippocampal and entorhinal cortex damage reflected by volume loss could be shown [10]. Regarding FDG-PET imaging in MCI patients, a glucose metabolism reduction in the posterior cingulate cortex was evident [8, 29]. These brain regions are at least partly involved in taste-processing [37]. Subsequently, the sense of taste could be affected in MCI patients.
The aim of this study was to investigate gustatory function in MCI and AD patients compared with healthy subjects of comparable age. If gustatory dysfunction developed similarly to the olfactory loss in MCI and AD patients, the taste function might also become an early diagnostic MCI marker.


Materials and methods
Patients
Twenty-nine patients suffering from MCI and 30 from AD were presented to the memory clinic of the Psychiatric Department of the Ludwig Maximilians University, Munich, and were prospectively included in this study. An MCI diagnosis was conducted according to Petersen’s criteria [31] and an AD diagnosis according to NINCDS-ADRDA criteria [25]. 29 healthy, elderly controls matched for age and sex were recruited by advertisement. All participants gave written informed consent. The study protocol was approved by the Ethics Committee of the Faculty of Medicine at the Ludwig Maximilians University, Munich. Demographic variables, i.e. age, sex, mini-mental state examination score (MMSE), antidepressant intake and smoking habits, are described in Table 1. ApoE4 genotyping results appear in Table 2––there was no significant difference in ApoE4 genotyping between MCI and AD patients (P = 0.068); however, ApoE4 status 03–03 was observed more often in MCI patients and ApoE4 status 03–04 more often in AD patients. Patients and controls with relevant co-morbidities, i.e. head trauma, stroke, acute rhinosinusitis, history of nasal polyps or surgery, neoplasia, asthma, thyroid gland hyperactivity or hypoactivity, diabetes mellitus, liver/renal problems, neurological disorders, and patients with alcohol/drug abuse were excluded. All MCI and AD patients underwent routine brain MRI to assess the presence and degree of cerebral atrophy and to exclude causes of secondary dementia.
Table 1 Demographic data of healthy, elderly control subjects, MCI and AD patientsFull size table


                           Table 2 Distribution of Apo E epsilon 4 status in MCI and AD patientsFull size table


                        Study protocol
Patients were classified under MCI and AD by trained psychiatrists and neuropsychologists. All tests, i.e. brain MRI, FDG-PET, Apo E genotyping and MMSE, were routine diagnostic procedures at the memory clinic and performed within 2–3 days. In the present study, taste and smell functions were also always investigated at the same time before breakfast. Patients and controls filled out a questionnaire for subjectively assessing the taste and smell function and also other subjective symptoms (e.g. appetite, parosmia, phantosmia). Most questions required an answer on a Likert scale (ranging from 0 to 100).
Taste test
Gustatory sensitivity was assessed using “taste strips” introduced by Mueller et al. [28]––a validated, reliable taste test [23]. Taste strips made of filter paper, 8 cm long, are impregnated with a taste solution at one end covering 2 cm2. These taste strips contain four concentrations for each taste, i.e. sweet (0.05, 0.1, 0.2, 0.4 g/ml sucrose), sour (0.05, 0.09, 0.165, 0.3 g/ml citric acid), salty (0.016, 0.04, 0.1, 0.25 g/ml sodium chloride) and bitter (0.0004, 0.0009, 0.0024, 0.006 g/ml quinine hydrochloride). The impregnated taste strip ends are placed separately on the left and right side of the tongue, approximately 1.5 cm from the tip. Taste strips were presented in increasing concentrations in a randomized order with an interstimulus interval of approximately 30 s. After placing one of the taste strips on the tongue, patients had to identify the taste stimuli, stating in a forced-choice procedure whether the taste was sweet, sour, salty or bitter. When testing on the respective sides of the tongue the patients had to keep their tongue out during the test. Correct identification of all taste stimuli produced a maximum score of 16; correct identification of the four concentrations of an individual taste quality resulted in a maximum score of 4.The test took 6–8 min.
Smell test
The “Sniffin’ Stick” test battery comprises tests for odor identification (ID), odor discrimination (DIS) and butanol odor threshold (THR) [20]. Odors are presented in felt-tip pens. The pen cap is removed and the tip is positioned approximately 2 cm in front of the patient’s nostrils for 3 s. For ID, 16 pens with different odors are presented. The patient chooses one of four items in a forced-choice procedure that best fits the presented odor (4-alternative forced choice). For DIS, 16 pen triplets are presented. The triplet comprises two pens with the same odor and one with a different odor. The patient has to discern the differently smelling pen (3-alternative forced choice). For THR, 16 dilutions were prepared in a series starting from a 4% n-butanol solution. Three pens are presented in randomized order, two containing solvent and one the odorant at a certain concentration. Patients must identify the pen containing the odorant. The triplets are presented in a staircase, starting at the lowest odor concentration. After recognizing the pen containing the odor twice, a reversal of the staircase is started until the patient cannot identify the pen containing the odor. THR is the mean of the last four of seven staircase reversals. ID and DIS scores can be 0–16, the THR score is 1–16. The sum of the ID, DIS and THR scores is called the TDI score (values 1–48). The test takes about 30–40 min.
Mini-mental state examination
The mini-mental state examination (MMSE) was used to screen cognitive function [16]. The score can range from 0 to 30 points and is adjusted according to age and level of education [9]. A cut-off score >24 was utilized to discern MCI and early AD patients [15].
Statistical analysis
Statistical analysis was performed using PASW software (version 17.0, SPSS Inc., Chicago, IL, USA). For descriptive analysis, data were presented as boxplots or tables (for possible comparison with literature, mean and standard deviation were always reported for continuous data).
For comparisons between MCI, AD and control patients, the Kruskal–Wallis test was used, or where appropriate the one-way ANOVA, and for post-hoc tests, the Mann–Whitney or two sample t test, respectively. The independence of patient groups and categorical variables was estimated by Chi-square tests. To evaluate the correlation between olfactory and gustatory functions and other continuous measurements, the Spearman correlation coefficient was calculated.
All statistical comparisons were made using a two-sided 0.05 level of significance.
A receiver operating characteristic (ROC) curve analysis was additionally computed to evaluate the diagnostic capability of gustatory and olfactory tests. The area under the ROC curve (AUC) was calculated to determine the overall diagnostic performance of gustatory and olfactory tests.


Results
Subjective assessment of the olfactory and gustatory function of MCI and AD patients
The subjective assessment of the olfactory/gustatory function was significantly better in healthy, elderly controls than in MCI and AD patients. Although there was no significant difference in the subjective olfactory/gustatory function of MCI and AD patients, there was the tendency that MCI patients assessed their olfactory/gustatory function slightly better than AD patients (Table 3). As regards the subjective assessment of appetite, there was no significant difference between controls and MCI patients, whereas there was a significant difference between controls and AD patients as well as MCI and AD patients (Table 3). No MCI and AD patients reported phantosmia. Parosmia was rarely mentioned; however, AD patients complained more about this than MCI patients (Table 3). On a scale from 0 (no parosmia) to 100 (severe parosmia) the parosmia assessed in three AD patients was 20, 50, 50 and in two MCI patients 20, 40. Due to the low number of AD and MCI patients that reported having parosmia, no statistical test could be done to compare AD and MCI patients where parosmia was concerned. AD patients also revealed that they took more sugar and salt than MCI patients or controls; however, this difference was not significant (Table 3). There was also no significant difference between controls, MCI and AD patients regarding decreased saliva production; however, controls complained less about decreased saliva production than MCI and AD patients (Table 3).
Table 3 Subjective assessment of taste/smell function by controls, MCI and AD patientsFull size table


                        Comparison of the olfactory and gustatory function of healthy, elderly controls and patients suffering from MCI and AD
Comparing ID, DIS, THR and TDI of healthy, elderly controls with patients suffering from MCI or AD, a significant reduction was evident in the patients (Table 4, Fig. 1a). Patients suffering from MCI had a significantly better olfactory function in ID, DIS and TDI than patients suffering from AD. Regarding THR, no significant difference existed between MCI and AD patients (Table 4).
Table 4 Gustatory/olfactory function of controls, MCI and AD patientsFull size table


                           Fig. 1[image: figure 1]
a TDI, b total gustatory value on left side of the tongue, c total gustatory value on right side of the tongue of controls, MCI and AD patients


Full size image


                        Comparing all the taste scores––total, sweet, sour, salty and bitter taste––of healthy, elderly subjects with those of patients suffering from MCI and AD, a significant reduction in the patient’s gustatory function was evident. Comparing all the taste scores of MCI and AD patients, no significant difference in the gustatory function was found (Table 4, Fig. 1b, c).
To evaluate the diagnostic capability of gustatory/olfactory function testing, a receiver operating characteristic (ROC) curve analysis was additionally computed for MCI (Fig. 2a) and AD patients (Fig. 2b). The area under the ROC curve (AUC) was calculated and showed a significant, diagnostic capability of olfactory and gustatory function testing in MCI and AD patients (Table 5).
Fig. 2[image: figure 2]
Receiver operating characteristic (ROC) curve analysis for the gustatory/olfactory function testing of a MCI and b AD patients


Full size image


                           Table 5 Calculation of the area under the ROC curve (AUC)Full size table


                        There was a significant correlation between the subjective assessment of smell and the values of ID and TDI for MCI and AD patients (Table 6). No significant correlation existed between the subjective assessment of the taste and the total taste values or the values for each taste quality function of the MCI and AD patients (Table 6).
Table 6 Correlation between the subjective assessment of taste/smell and the gustatory/olfactory function of MCI and AD patientsFull size table


                        Correlation of MMSE with the gustatory function of MCI and AD patients
Regarding MCI patients, a significant correlation existed between MMSE and the total taste value, independent of the subject’s sex (e.g. for all MCI patients total taste value on left side of tongue: r = 0.59, P < 0.01; right side of tongue: r = 0.57, P < 0.01). Patients with low MMSE showed a significantly lower total taste value than patients with a higher MMSE. Regarding AD patients, no such correlation existed between MMSE and the total taste value (e.g. for all AD patients total taste value on left side of tongue: r = −0.2, P = 0.25; right side of tongue: r = −0.08, P = 0.65). There was no significant correlation between MMSE and the values of sweet, sour, salty and bitter in MCI and AD patients. No significant correlation existed between MMSE and the subjective assessment of the gustatory function of MCI (r = −0.1, P = 0.6) and AD (r = −0.06, P = 0.7) patients.
Correlation of ApoE epsilon 4 with the gustatory function of MCI and AD patients
There was a low, yet significant correlation between the MMSE and the ApoE epsilon 4 genotyping for all patients (r = 0.33, P = 0.01). Regarding taste, no significant correlation existed between ApoE epsilon 4 genotyping and the total taste values or the values for each taste quality function of the MCI and AD patients (MCI patients: e.g. total taste value on left side of tongue r = −0.002, P = 0.99 and total taste value on right side of tongue r = 0.015, P = 0.94; AD patients: e.g. total taste value on left side of tongue r = 0.08, P = 0.68 and total taste value on right side of tongue r = 0.17, P = 0.39).
Correlation of antidepressant intake with the gustatory function of MCI and AD patients
No significant correlation existed between antidepressant intake and the gustatory function of MCI (e.g. total taste value on left side of tongue P = 0.29 and right side of tongue P = 0.51) and AD patients (e.g. total taste value on left side of tongue P = 0.93 and right side of tongue P = 0.62).


Discussion
This study focused for the first time on the gustatory function of MCI patients compared to AD patients and healthy, elderly controls.
Additionally, we investigated the olfactory function of these three groups and could confirm what others had already found. The ID, DIS, THR and TDI of MCI and AD patients were significantly reduced compared to healthy, elderly controls [12–14, 26, 30, 36]. As described by Djordjevic et al. [13], no significant difference existed between the THR of MCI and AD patients, even though THR deteriorates further in patients with AD. Thus, the constellation of the olfactory function in our MCI and AD patients fulfilled the criteria mentioned in publications and the two patient groups could be used as a positive control for sufficient taste testing.
Although there was a significant difference in the scores of assessed, subjective, gustatory function of MCI and AD patients compared to healthy, elderly controls, MCI and AD patients assessed their subjective gustatory function much higher than taste-testing scores would have indicated. This is similar for the assessed subjective olfactory function of MCI and AD patients. Doty et al. [14] related that only 6% of AD patients complain at an early stage about a decrease in the olfactory function, whereas 90% of these patients show a significant reduction in the smell test.
In contrast, taste-testing results clearly indicated their ability to differentiate between healthy, elderly controls and MCI/AD patients, but taste testing is unable to distinguish between MCI and AD patients. Considering that a taste test based on taste strips requires a short testing time, is easy to administer, allows testing separately on each side of the tongue, is very well validated, easily transportable and has a long shelf-life [28], the taste test may become a useful procedure for differentiating between healthy persons and MCI/AD patients in a clinical context. Furthermore, a taste test has the advantage over neuropsychological tests that participants may not be aware of the relationship between the ability to taste and the presence of MCI or AD. Additionally, a taste test is not greatly affected by the patient’s education, as virtually everybody can differentiate between sweet, sour, salty and bitter, while many standard neuropsychological tests are affected by the subject’s education level.
Loss of gustatory function in MCI and AD patients can be explained by understanding their cortical network. Nearly everyone over 60 has at least a few neurofibrillary tangles in the brain [4]. Whenever a brain contains neurofibrillary tangles they are found in limbic and paralimbic structures, i.e. the hippocampus, amygdala and entorhinal cortex. This distribution is associated with MCI and preclinical AD [11]. Only after reaching a high density in these regions do neurofibrillary tangles accumulate in the prefrontal and parieto-temporal areas, this being associated with mild and severe AD [4]. The appearance of neurofibrillary tangles in the neocortex is one of the neuropathological criteria for definite AD diagnosis [39]. Besides neurofibrillary tangles, amyloid plaques and synaptic and neuronal loss, volume reductions are found. Hippocampal and entorhinal cortex damage is reflected in volume losses detectable with MRI in AD patients [3] as well as in MCI patients [10]. The pathology of the hippocampal and entorhinal cortex leads to a depletion of projection neurons. Using FDG-PET imaging, AD patients show the typical reduction of glucose metabolism in the parieto-temporal and posterior cingulate cortices and in advanced disease in the frontal areas [17, 19, 21], and MCI patients in the posterior cingulate cortex [8, 29]. Regarding taste, the afferent taste information is transmitted via cranial nerves VII, IX and X. The fibers project onto the nucleus of the solitary tract at brain stem level. The afferent information is then projected further via the thalamus to the primary opercular and insular taste cortex and also to the orbitofrontal cortex, cingulate gyrus and other multimodal integrative areas [37]. A more ventral anterior pathway is also described including the hypothalamus, mammillary bodies, amygdala, hippocampus and other areas of the limbic system [37]. Thus, the taste cortex is strongly affected in MCI and AD patients. Taste detection seems to be processed in the insula/opercular regions, and suprathreshold taste intensity perception in the insula region, opercular region, amygdala and cingulate cortex, but not in the orbital taste region [38]. While the orbital taste region seems to represent the affective value, there is still no definitive information as to how gustatory quality coding is processed in the human brain. Decreased taste function in MCI and AD patients implies a defect more central than peripheral, caused by general cerebral changes in MCI and AD patients.
Devanand et al. [12] proposed that low olfaction score patients, especially those unaware of smelling problems, are most prone to developing AD. Thus, in this study, dementia severity as measured by the MMSE was compared with the taste test values and the subjective gustatory assessment. MCI patients with a low MMSE showed a low total taste value on the right and left side of the tongue, which could not be found in the AD group. Additionally, amongst MCI and AD patients no significant correlation existed between MMSE and the subjective assessment of the gustatory function.
Based on fMRI experiments, Celone et al. [7] hypothesized that less impaired MCI patients showed hippocampal hyperactivation and parietal deactivation. More impaired MCI patients and mild AD patients showed hippocampal hypoactivation and loss of deactivation in parietal regions. Deactivation in parietal regions can cause poor recognition memory performance. This might explain why MCI patients assessed their subjective gustatory function much higher than their performance in the taste test and why AD patients assessed their subjective gustatory function lower than MCI patients. This might even explain why MCI patients with low olfactory/gustatory test values and unawareness of smell/taste problems may be more prone to developing AD with the typical pathological pattern of hippocampal–parietal-memory impairment.
Regarding olfaction, ApoE epsilon 4 allele status has a significant effect on odor identification in MCI patients [1, 41]. A decreased odor identification score and ApoE epsilon 4 allele status may be a possible biomarker for early AD diagnosis. Regarding taste, in this study no significant correlation existed between ApoE epsilon 4 allele status in MCI and AD patients and taste-test values.
To exclude the influence of antidepressant intake on the gustatory function, the gustatory function of MCI and AD patients with and without antidepressant intake was compared and did not show a significant difference on the gustatory function. Additionally, controls, MCI and AD patients were asked, using a visual scale from 0 (no reduction) to 100 (severe reduction) to show their saliva production. There was no significant difference between the controls and the patients regarding the reduction in their saliva production, however, the mean values of the patients showed a tendency for patients to suffer more from a reduction of their saliva production, which might be an effect of antidepressant intake.
In conclusion, a structured taste test appears to be a useful procedure in a clinical context for differentiating between healthy, elderly persons and MCI/AD patients and is thus a useful biomarker in early MCI diagnosis and AD diagnosis. Nevertheless, the present study shows that this taste test cannot differentiate between MCI and AD patients. For differentiating between MCI and AD, other markers, i.e. MMSE, ApoE epsilon 4 genotyping, FDG-PET, MRI or a smell test could be recommended.
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