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       In an effort to aid the Alzheimer’s diagnostic arena—arguably limited by the medical insurance (MI) industry, this study aims to help differentiate Mild Cognitive Impairment (MCI) from Alzheimer’s disease (AD) for the establishment of a clinical algorithm. Neuropsychological examinations, the only way to clinically detect dementia, are widely administered to assess cognitive states for MCI and AD with ease and medical insurance authorization. Additionally, despite practical limitations set by MI policies, neuroimaging proves promising today in early detection as some volumetric studies have focused on the atrophy of the hippocampus and entorhinal cortex (predominantly the first structures of the medial temporal lobe (MTL) affected in this neurodegenerative pathology). We hypothesized that the neuropsychological batteries can estimate the volumes of AD biological markers to create a diagnostic/volumetric algorithm. Magnetic Resonance Imaging (MRI) was utilized in scanning 9 AD subjects and 11 MCI subjects whose weighted T1 images were subcortically segmented in FreeSurfer to yield volumes of the MTL structures generating a statistically significant differential ratio (p=0.009). Two-stage least squares regression was used to construct a significant algorithm predicting the differential ratio using the MMSE (p<0.05). Significant diagnostic discrimination (for MCI and AD) was found possible using the MI approved neuropsychological examinations to yield the specific brain-structural volumes previously attained only by neuroimaging (which is bearing difficulty for MI authorization). These preliminary findings promote the efforts to establish an AD diagnostic algorithm for clinical use enabling for less expensive diagnoses to deliver earlier treatment maximizing an Alzheimer's victim's benefit and quality of life.
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      With advancements in medicine and technology, the increasing life expectancy observed globally also brings with it a growing, at-risk geriatric population. Currently, over 4 million aging Americans suffer from Alzheimer’s disease (AD) and up to 14 million others are to be victimized just mid-century given the unavailability of a cure (Sloane et al., 2002). AD is a neurodegenerative disease that ravages its victims’ memory to affect their learning, cognitive, and communicative abilities (Barnes et al., 2006). Categorized as a quantitative accumulation of cognitive deficits that impair daily function, Alzheimer’s disease is marked by the gradual deposition of β-Amyloid plaque and neurofibrillary Tau tangles throughout the brain in unidentifiable patterns with the onset observable in the prodromal state known as Mild Cognitive Impairment (MCI) (Price and Lindsey, 2007). MCI can arise from multiple sources such as drug overdose, carbon monoxide poisoning, or even normal degenerative aging, where only some subtypes progress to AD (Ishiwata et al., 2006). Progressive research has revealed this prodromal stage essential in the early detection of AD. 

       Declarative and episodic memory has been found to deteriorate in AD thus research has been largely attentive to structures functioning in these memory circuits. As a result, it is not surprising that histopathological studies have revealed the effect on both entorhinal cortex (EC) and hippocampus early in the neuropathology (Braak and Braak, 1991). Given the importance of these structures in the medial temporal lobe memory systems and the pathologies at hand, the hippocampus and EC are accepted as bio-structural markers of AD (Braak and Braak , 1995).

       Current MCI and AD diagnostic practices require evident cognitive and memory impairment affecting daily function. Cognitive states are assessed using neuro-psychiatric examinations such as the Mini-Mental State Examination (MMSE), Clinical Dementia Rating (CDR), and the cognitive subscale of the Alzheimer’s Disease Assessment Scale (ADAS-cog), and are the only means of detecting dementia. However these tests are limited by their lack of battery sensitivity (Blasi et al., 2005). 

Consequently, in an effort to reliably and pre-symptomatically discriminate MCI from AD, neuroimaging technology has entered the diagnostic arena. Studies ranging in the usage of Positron Emission Tomography (PET) to magnetic resonance (MR) imaging have focused on the functional activity, morphometrics, or volumetrics of various regions of interest (ROIs). These studies have found consistent and supportive affects of atrophy as a function of time in various medial temporal lobe structures in the early pathological progression from MCI to AD (Laakso et al., 2000). The ability to discriminate MCI from AD (early or even pre-progression) enables for the potential rescue of the patient’s quality of life and memory granted the availability of treatment. Specific studies have been successful in volumetrically differentiating and identifying the hippocampus and EC as bio-structural markers for early progression into AD marking distinct atrophy rates in these respective structures for usage and confirmation of diagnosis, thus substantiating the diagnostic usage of neuroimaging, (specifically MRI) (Barnes et al., 2006, Bottino et al., 2002). 

       As AD victims suffer, the cost of care (both financial and emotional) is high and likely increasing (Jonsson et al., 2006), further hastening the necessity of treatment and a contemporary cure. Medical insurance policies have adversely influenced the accuracy of MCI/AD diagnoses by limiting authorization for specific neuropsychiatric care. According to the U.S. Department of Health and Human Services as well as the Centers for Medicare and Medicaid Services, neuroimaging is not approved for the diagnosis of dementia despite AD being causally responsible for over two-thirds of the cases (Department of Health and Human Services, US CAG # 00088A 2006). This also undermines the previous research diagnostic success utilizing neuroimaging technology. Due to the misclassification of AD as a nervous and mental health allocation instead of a neurological pathology, MI policies limit financial authorization for the care of such categorical ailments. Consequently, patients victimized by AD are penalized with decreased benefits as doctors are prevented from using diagnostics tools for dementia such as neuroimaging (Puente 2006). Given the effectiveness of the inexpensive and commonly administered neuropsychological examinations previously described, and the volumetric focus on the hippocampus and EC attained from neuroimaging segmentation, we hypothesized the diagnostic ability of these dual examinations where clinical neuropsychological examinations can estimate specific brain structure volumes to discriminate MCI from AD to establish a volumetric algorithm. Although the structural correlates of MCI and AD have been thoroughly researched, few diagnostic studies have normalized their ROI volumes while attempting to bypass the unfortunate limitations of medical insurance policies in creating a diagnostic algorithm using neuropsychological examination scores to volumetrically estimate the bio-structural markers of Alzheimer’s. 

       We first tested this hypothesis by differentiating the MR images of MCI and AD patients with volumetric focus on the hippocampus and EC. A calculated normalized differential ratio underwent an independent means T-test statistical examination to determine if this normalized ratio was significant for usage in diagnostic discrimination. MMSE scores were collected on MCI and AD patients to run a two-stage least squares regression analysis with calculated segmentation statistics yielding ROI volumes to construct the diagnostic algorithm. This algorithm progresses towards the early detection of AD while providing physicians with alternative diagnostic tools using sensitive information attainable from neuroimaging but based instead upon medical-insurance-authorized and easy to conduct neuropsychological examinations.  
MATERIALS AND METHODS
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       Nine AD subjects and 11 MCI subjects were enrolled into testing from two different de-identified research sites. All experiments were carried out in accordance with the Review Board at the University of California, Irvine, and were consistent with Federal guidelines. Each subject was screened for depression or depressive symptoms and received the standard MMSE assessing for cognitive impairment and to clinically detect dementia (Folstein et al., 1975).  Table-1 summarizes the demographic and cognitive examination data. The AD subjects were diagnosed with probable AD according to NINCDS-ADRDA (McKhann et al., 1984) and ICD-10 (Orgogozo et al., 1994) criteria. We scanned the AD subjects at the University of California, Irvine using 1.5 T Picker Eclipse (Marconi Medical Systems, Cleveland, OH) with the following parameters: T1-weighted (mprage) three dimensional monochrome collections; 256 slices each 1.5mm thick; 256x256 pixel matrix with axial dual echo. The MCI subjects were scanned at a secondary location using the GE LX 1.5 MRI Scanner (G.E. Medical Systems, Milwaukee, WI) with the following scanner protocol: T1-weighted (mprage) collections; 256 slices at 1.5mm slice thickness; 256x256 pixel matrix with axial dual echo. 
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 We used FreeSurfer Analysis software to conduct the Volume-based Subcortical Stream for all collected MR images; this procedure is exemplified in Figure-1. MR images were processed with B1 field corrections and standard skull-stripping which required manual correction. The automated software then performed white-matter segmentation in addition to subcortical tissue classification and labeling to finally calculate subcortical volumes in mm3. MCI MR images were segmented using FreeSurfer version 3.0.3 and version 3.0.5 was used for the AD MR T1-images (Fischl et al., 2002, in press).  We collected the volumes of the left hippocampus (LH), right hippocampus (RH), total intracranial volume (ICV), and left and right entorhinal cortex (LEC and REC respectively). Then, we normalized the volumes to the ICV to standardize for average cranial size. We used the differential ratio (DR) found in Figure-2A to discriminate MCI from AD subjects with the standard independent means T-test statistical examination considering significance at a 95% confidence interval where p < 0.05. We used the MMSE total score in our hippocampal function subtraction method (HFSM) to reconstruct the dependent variable, DR, and can be found in Figure-2 B. In creating a diagnostic algorithm, we performed a two-stage least squares regression analysis that generated a volumetric linear model with statistical significance considered where p < 0.05. All data analyses were performed using SPSS version 14.0 (SPSS Inc, Chicago, IL). 
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RESULTS
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    The FreeSurfer software, with manual modulation, skull-stripped and B1 corrected (intensity correction) the weighted T1 (mprage) images. Subcortical segmentation followed to allow for data analysis. Figure-3 displays the resulting corrected and segmented images used to calculate the volumes of various ROIs of the MTL as well as the intracranial volume. These volumes are displayed in Table-2. The average total intracranial volume for the MCI subjects was found to be 1872749 mm3 with a standard deviation of 211800.3 mm3, and [image: image5.png]Figure-1: The FreeSurfer Segmentation Proces:
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for the AD subjects was found to be lower with an average of 1574177 mm3 with a standard deviation of 188796.9 mm3. ICV was used to normalize the EC volume for average brain size in the DR. Volumes of the right and left hippocampi as well as the entorhinal cortex were not found to be significantly different between [image: image6.png]DR vs. MMSE HFSM: Regression
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the MCI and AD groups. This remained consistent in the summation of the bihemispherical structures. Table-2 also displays the MMSE HFSM score as significant in differentiating between the MCI and AD groups as supported by the standard t-test. 

       In constructing the differential ratio (DR), the volumes of left and right entorhinal cortex were summed and normalized against the calculated ICV. The volumes of the left and right hippocampus were summed and set as ratio to the normalized entorhinal cortex volume. Figure-4 displays the DR means for both the MCI and AD groups. The inter-group DR relationship was found to be statistically significant with a p value of 0.009. The two-stage least squares regression analysis was performed using the statistically significant MMSE HFSM scores as the independent variable to estimate the DR, the dependent variable.  Regression analysis was also performed with age as an independent variable and the resulting was not statistically significant (p>0.05) in the DR reconstruction. The relationship was found to be significant with an R2 value of 0.197 as displayed in Figure-5. We calculated the linear model to be: 

       DR = [(5000340) * (MMSE HFSM)] - (315253)       (1) 

DISCUSSION

       Initially we were unsuccessful in differentiating MCI and AD based upon the total MMSE scores (p>0.05) alone. In particular, this may be attributed to the low sample sizes used as well as the unidentified stages of pathology of the subjects. If MCI patients were progressing to AD, when compared to early-progressed AD patients, their clinical scores would be indistinguishable as well as the MTL structures examined. With the impairment localized initially in short term memory- the hippocampus clearly is affected reflecting a behavioral change from MCI to AD simply given the function of the hippocampus in consolidation. The MMSE is comprised of several sections examining spatial identification, object naming, mathematical attention, time and place orientation, recall, and general attention—with the latter 4 primarily isolated to the function of the hippocampus. Thus, by subtracting (factoring away) the residual questions of the MMSE that engage other brain structures different from the hippocampus, resulting was expected to yield the hippocampal contribution to the MMSE total score. And granted the atrophy of the hippocampus as a biological marker of AD, the MMSE HFSM score (post-subtraction) was then expected to differentiate MCI from AD more sensitively than the MMSE total score. This was observed as the significance p value went from being greater than 0.05 (MMSE alone) to less than 0.01 (MMSE HFSM). This implies that the AD subjects are performing better on other sections of the MMSE compensating for the impairment in the 4 “hippocampal” sections, and thus the false positive in our attempts to differentiate the two groups based solely on the total MMSE score. Our initial finding substantiates the necessity of reconstructing the hippocampal contribution of the MMSE when used for MCI and AD differentiation. Our findings also strengthened our expectations of neuropsychological examination batteries estimating structural volumes.

       As the MMSE HFSM score was significant in differentiating MCI from AD, attention was given to the battery’s sensitivity. Because the MMSE is greatly subjective and can vary day-to-day based upon the fluctuating cognitive wellbeing of any patient, we believed the MMSE needed to be combined with another objective parameter to more accurately and consistently estimate ROI volumes used for differentiation. As a result, we first sought to discriminate MCI from AD systematically. 

       We obtained the ROI volumes initially expecting the entorhinal cortex and hippocampus being statistically significant for diagnostic differentiation. Alone, the structures were not significant and this in part can be attributed to the difficulty in measuring the volume of the entorhinal cortex (Du et al., 2004). However, the discrepancy in hippocampal volume is attributed to the same discrepancy accounting for the MMSE difficulty above. The samples sizes for each group of comparison where two small. Larger sample sizes and multiple examinations are required to uphold the previous findings documenting the significance of these two structures (Barnes et al., 2006, Bottino et al., 2002). Nevertheless, as a differential ratio, the hippocampus to the entorhinal cortex volume was expected to be significant for the diagnostic differentiation as being the first two structures affected in the progression to AD (Braak and Braak, 1991). As a differential ratio, the minute changes can be magnified thus increasing the discriminative sensitivity, however given the increased rate of atrophy in the entorhinal cortex (Du et al., 2004), normalization is necessary for consistent results (Whitwell et al., 2001). As a result, the entorhinal cortex was normalized to the average brain by dividing its volume by the calculated ICV. With a corrected EC volume, the differential ratio became sensitive enough to significantly discriminate MCI from AD (p<0.05). Additionally interesting in our previous unpublished research findings, the hippocampal volume was found to atrophy as a function of time or age independent of the AD categorization which simply increased the atrophy rate straying from normal linear degenerative ageing rates. The DR was reconstructed significantly by the MMSE HFSM and not by age to differentiate MCI from AD- demonstrating the usefulness of the ratio rather than simply using the hippocampal volume as in other studies to discriminate the pathologies volumetrically which would then require taking age into account.   

       Other studies have focused on the hippocampus volumetrically noting an asymmetrical determinant of significance for the AD pathology relying heavily upon the atrophy of the left hippocampus. It has been also found that this asymmetrical view is due to a left-hemispherical bias inert to the nature of language-based cognitive examinations; the memory deficits observed clinically are easier to test for in the left hippocampus providing a language interface. This does not imply that the right hippocampus remains unaffected or less severely affected. As a result the DR takes both volumes into account and the significance in discrimination between MCI and AD strengthens this view that both hippocampi are affected in the progression of AD significantly. With a discriminative cognitive score calculation (MMSE HFSM) and a differential volumetric ratio, and both being statistically significant, a 2-stage least squares regression was expected to yield significant results as well and did. The generated model calculates the differential ratio with the input of the MMSE HFSM score. This ratio then was easily used to differentiate MCI from AD. Further testing of the diagnostic algorithm is required for further fine tuning and wide clinical application; however significant relationships between cognitive scores and structural volumes have been established as significant means of respective diagnosis. Though our hypothesis was significantly supported, further testing using larger sample sizes is required to develop a functional diagnostic algorithm in the fight against Alzheimer’s disease and uphold our preliminary findings and is expected to increase the R2 value. Other studies have found a sex-dependent difference in clinical manifestations of AD symptoms (Barnes et al., 2005). Further examination into these gender-differences may also yield modifications to the clinical diagnostic algorithm. Nevertheless, significant diagnostic discrimination was found possible using the medical-insurance approved neuropsychological examinations to yield the specific brain-structural volumes previously attained only by neuroimaging segmentation (which is bearing difficulty for MI authorization). Although a preliminary diagnostic algorithm was constructed, detection can only aid the victims of AD if treatment and cures are readily available. AD continues to challenge moral and societal boundaries necessitating a cure, and efforts seem promising to one day rescue our aging population. 
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