The TUDID Study – 
background and design of a prospective cohort
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Abstract
Prevalence of both type 1 and type 2 diabetes mellitus is growing worldwide and one major cause for morbidity and mortality. However, not every patient develops diabetes-related complications, but causes for the individual susceptibility are still not fully understood.
As a platform to address this, we initiated the TUDID (TUebingen DIabetes Database) study, a prospective, monocentric, observational study that includes adults with diabetes mellitus who are treated in the inpatient clinic of a University Hospital in southern Germany. Besides a thorough clinical examination and extensive laboratory tests (with integrated biobanking), major study focuses are the kidneys, the eyes, the vasculature as well as cognition and mood where standardized investigations for early stages for diabetes complications are performed. 
Analyses of the data generated by this precise characterization of diabetes-related complications will contribute to our understanding of the development and course of such complications, and thus facilitate the implementation of tailored treatment options that can reduce the risk and severity of diabetes-related complications.

[bookmark: _GoBack][bookmark: _GoBack]

1 Introduction
[bookmark: Bookmark][bookmark: Bookmark1]Diabetes is a non-communicable disease, with an increasing tendency towards epidemic proportions [1]. In addition to the acute challenge in diabetes to control blood glucose, several further substantial diabetes-related complications may or may not occur in the course of the disease. Diabetes-related complications can be categorized in micro- and macrovascular complications and include neuropathy, retinopathy, nephropathy, and peripheral artery disease. Furthermore, patients with diabetes have a substantially higher risk of developing depression, impaired cognition and even Alzheimer’s disease. Diabetes-related complications occur in up to 30% of such patients. Major risk factors for the development of such complications include diabetes manifestation at a young age, duration of the disease, and quality of treatment [2,3]. Although a number of risk factors for the development of complications have already been studied in depth, it still remains unclear as to why some patients are more susceptible to developing severe diabetes-related complications than others. 
[bookmark: Bookmark2][bookmark: Bookmark3][bookmark: Bookmark4][bookmark: Bookmark5]One of the major microvascular complications is diabetic neuropathy [4]. This condition can occur in heterogeneous forms and is a major health problem, since such a diagnosis considerably increases the risk of foot ulcerations and amputations of the lower extremities [2]. In addition, approximately 15% of patients suffer from neuropathic pain [5]. Since up to 50% of affected patients are clinically asymptomatic [6], those who are not afflicted by these burdensome symptoms run the serious risk of under-diagnosis of diabetic neuropathy. 
[bookmark: Bookmark6][bookmark: Bookmark7]Diabetic nephropathy, a further major microvascular diabetes complication, affects approximately 20-40% of patients [7]. One of the earliest detectable signs of glomerular damage is the filtration of larger molecules. In clinical routine, albumin in the urine is already a well-established marker, and even slight elevations in urinary albumin (microalbuminuria) are predictive of further decline in renal function. In developed countries, diabetic nephropathy is the major cause of end-stage renal disease, with subsequent need of dialysis [1,8]. 
[bookmark: Bookmark8][bookmark: Bookmark9][bookmark: Bookmark10][bookmark: Bookmark11]The leading cause of blindness among the world’s working population is diabetic retinopathy [9,10]. However, the occurrence of diabetic retinopathy strongly depends on both the duration of the disease and the quality of glycemic control [11,12]. The overall prevalence of diabetic retinopathy is estimated to be as high as 34% [9]. Proliferative retinopathy occurs in advanced stages of diabetic retinopathy and it is a major cause of vision loss in patients with diabetes. Furthermore, diabetic retinopathy is a possible surrogate for other complications such as coronary heart disease and stroke [12,13]. 

[bookmark: Bookmark12][bookmark: Bookmark13][bookmark: Bookmark14][bookmark: Bookmark15] The prevalence of peripheral artery disease as a macrovascular complication is estimated to be as high as 40% in patients with diabetes [14]. Since changes in the vasculature are often not limited to the extremities but occur in all arterial beds, peripheral artery disease is a strong predictor for cardiovascular and cerebrovascular events [15]. On the other hand, approximately 25% of patients with peripheral artery disease also suffer from diabetes. Amputation rates among patients with diabetes and peripheral artery disease are seven times higher than in those with normal glucose metabolism [14]. Furthermore, together with diabetic neuropathy, peripheral artery disease is a key determinant of the diabetic foot syndrome [16]. 
[bookmark: Bookmark16][bookmark: Bookmark17]Research over the last few years has shown that patients with diabetes have a conspicuously high prevalence of psychiatric and cognitive disorders such as depression or dementia [17–22]. Vice versa, depression is associated with an increased prevalence for other diabetes-related complications [22,23]. However, the molecular mechanism interlinking diabetes, cognition and mood have still not been fully investigated. 
[bookmark: Bookmark18]Besides the classic diabetes-related complications, more attention is being focused on other potential sequelae of diabetes such as diabetes-related periodontal disease, as impaired glycemic control and diabetes appear to be linked to periodontal disease [24–26]. However, since knowledge is still somewhat lacking on this issue, large prospective studies are required for further elucidation.
[bookmark: Bookmark19][bookmark: Bookmark20]For patients with diabetes, the relative risk of developing one or more of the aforementioned complications is estimated to be 2-20 fold higher than in individuals without diabetes [27,28]. A more detailed understanding of the pathomechanisms that lead to complications and a determination of individual risk for diabetes-related complications are essential, as the latter contribute considerably to the morbidity and mortality of the disease. In addition, chronic diseases such as diabetes are a burden not only to the individual, but also to the public health sector [29]. 
To identify the parameters responsible for the development and course of diabetes-related complications, we recently initiated the TUDID (TUebingen DIabetes Database) study, a structured and standardized prospective study in a cohort of patients with diabetes (Figures 1 and 2). In this program, microvascular and macrovascular complications are systematically assessed already in their early, subclinical stages. 
2 Methods
2.1 Study design
[bookmark: Bookmark21]This prospective, monocentric, observational study consists of adults with diabetes mellitus who have been diagnosed in accordance with the criteria of the American Diabetes Association [30]. The study started August 13, 2018 and is ongoing. Patients are recruited from the inpatient clinic of the University Hospital of the Eberhard-Karls-University Tübingen, Department of Internal Medicine IV, Division of Endocrinology, Diabetology, and Nephrology, Germany. All participants provide informed written consent prior to study enrollment. The study is registered at ClinicalTrials.gov (NCT03658512), is in conformity with the principles outlined in the Declaration of Helsinki, and has been approved by the local ethics committee of the Eberhard-Karls-University Tübingen.
2.2 Medical history, physical examination
[bookmark: _Hlk14363777][bookmark: Bookmark22]Medical history is assessed by an experienced physician in a structured manner. It includes diabetes-related information, current and previous pharmacological treatments, and general medical history. Anthropometric measurements (body weight, height and BMI) are recorded at the beginning and during follow-up visits. A detailed physical examination is performed during each visit and comprises the following examinations: general appearance, skin (including hair and nails), EENT (ears, eyes, nose, throat), neck/thyroid, chest/lungs, cardiovascular, gastrointestinal, genito-urinary (optional), neurological, lymphatic and musculoskeletal. Blood pressure, pulse rate and oral or tympanic membrane (auricular) temperature. Diabetic neuropathy is assessed by applying the Michigan Diabetic Neuropathy Screening Instrument (MDNSI), which has been shown to be a valid screening instrument of distal diabetic neuropathy in patients with type 1 and type 2 diabetes [31–33]. 
2.3 Laboratory analyses 
Extensive blood and urine analyses are performed during the trial. Plasma C-peptide, TSH (thyroid stimulating hormone), thyroid hormones, cortisol and high sensitive troponin I are determined using immunoassays on the ADVIA Centaur XPT System. Plasma parameters, including glucose, triglycerides (TGs), HDL, low-density lipoprotein cholesterol levels, plasma enzyme activities, C-reactive protein, creatinine (enzymatic), and Cystatin C are measured using the ADVIA XPT clinical chemical analyzer. Urine albumin is measured on the BN Prospec Nephelometer (all Siemens Healthineers, Eschborn, Germany). Fresh urine samples are also subjected to a standard urinalysis (iChemVELOCITY) including a digital urine microscopy (iQ200) (Beckman Coulter, Krefeld, Germany). Hematological parameters are determined on the Sysmex XN-10 (Sysmex GmbH, Norderstedt, Germany) and HbA1c measurements are performed using the Tosoh glycohemoglobin analyzer HLC-723G8 (Tosoh Bioscience Tokyo Japan). Once they reach the diagnostic laboratory biobank, samples of serum, heparinized and citrated plasma, urine and buffy coat are generated and rapidly transferred to - 80° C storage. All measurements are performed in the Institute of Clinical Chemistry and Pathobiochemistry of the University Hospital Tübingen which is accredited with the German accreditation body (DAkkS). 
2.4 Bioelectric impedance analysis
[bookmark: Bookmark23]Bioelectric impedance analysis (BIA) is a valid method for the quantification of body composition in individuals [34]. In the current study, BIA is performed by a single-frequency BIA device (50 kHz) in accordance with the manufacturer’s protocol (BIA 101 BIVA, Akern, Germany). Using the results from BIA analysis and anthropometric characteristics, body composition is calculated with the software provided (Cyprus Akern, Germany). Fat-free mass, extracellular water, total body water, body cell mass and body fat mass are thereby computed.
2.5 Fundus photography
In this study, fundus photography of both eyes is performed using a handheld fundus camera (Optomed, Finland) in a non-mydriatic state, enabling an analysis of the central 35° of the retina including the optic disc and macula. These images are evaluated by an experienced ophthalmologist. 
2.6 Vascular examination
[bookmark: Bookmark24][bookmark: Bookmark25][bookmark: Bookmark26]Assessment of functional and morphological changes of the arterial wall is performed by an experienced vascular physician during the study and on follow-up visits. Vascular examinations are performed in a lying position after a 10-minute rest at room temperature. Determination of ankle-brachial-index – the first diagnostic step following clinical examination – is performed in a lying position in accordance with Xu et al [35] using Doppler ultrasound by ELCAT vasolab®320 and handydop® (Wolfratshausen, Germany) with a 4 and 8 MHz pin probe. To obtain reliable results even in the presence of medial calcification, we additionally assess toe-brachial-index (TBI) using the software provided (ELCAT vasolab®320, Wolfratshausen, Germany) with a TBI cut-off <0.70 to diagnose peripheral artery disease [36]. In addition, high-resolution ultrasound with a linear transducer 10-3 MHz (CX50, Philips, Hamburg, Germany), analyzing both the right brachial and the femoral artery, is used to screen patients for medial calcification of the arterial wall. Using the aforementioned linear transducer, ultrasound of both common carotid arteries is examined in supine position, while the head is slightly extended and turned 45° to the contralateral side of the scanning. In B-mode, IMT (Intima-media thickness) is assessed on the far wall of the artery approximately 10 mm proximal to the carotid bulb. The carotid artery, including carotid bulbus region, is screened for plaque burden and categorized by carotid plaque presence and morphology [37]. Diameter of infrarenal aorta abdominalis and screening for aortic plaque is performed with a 5-1 MHz convex transducer (PureWave technology, Philips, Hamburg, Germany). To assess arterial stiffness, pulse wave amplitude (PWA) and pulse wave velocity (PWV) are measured on the right upper arm using the ArteriographTM device (TensioMed, Budapest, Hungary). For the assessment of advanced glycation end products (AGEs), skin AGEs are measured on the ventral side of the right forearm (AGE ReaderTM, DiagnOptics Technologies B.V., Groningen, Netherlands).
2.7 Questionnaires
The Beck Depression Inventory II (BDI II) is used as a psychometric screening test for depression. To investigate different cognitive domains, the Cambridge Neuropsychological Test Automated Battery (CANTAB) is applied on an iPad (Apple Inc., Cupertino, California). The test battery includes multiple tasks (duration of approx. 1 hour) to assess executive function, episodic memory, visual memory, information processing, and sustained attention (CANTAB® [Cognitive assessment software], Cambridge Cognition (2019)). The following tests are included: Motor Screening Task (MOT), Paired Associates Learning (PAL), Pattern Recognition Memory (PRM), Reaction Time (RTI), Spatial Working Memory (SWM), Rapid Visual Information Processing (RVP) and Delayed Matching Sample (DMS). 
3 Discussion/Outlook
[bookmark: Bookmark27][bookmark: Bookmark28][bookmark: Bookmark29]Prospective cohort studies are essential to identify trajectories for the development of diabetes complications. In the past few years, several studies have been initiated that focus on the epidemiology of type 1 and type 2 diabetes, risk factors, specific sub-phenotypes, nutritional impact, and the effects of different therapeutic strategies [38–45]. A number of these studies are, however, not diabetes specific and tend instead to focus on the prevalence and incidence of diabetes [44]. Others focus on subjects with newly-diagnosed diabetes or selectively examined subjects with pre-specified types of diabetes [43,45–47]. Cohorts aiming to precisely characterize the various facets of diabetes-related complications in all types of diabetes beyond standard approaches in clinical routine are still scarce. We therefore initiated the TUDID study that focuses on individuals with all types of diabetes who are treated in a university hospital setting. By searching for microvascular, macrovascular, periodontal as well as psychiatric and cognitive impairments, the TUDID study aims to capture the major features of these diabetes-related complications. We thereby aim to identify and validate determinants of diabetes-related complications. In future, these data will be able to contribute to personalized concepts of prevention and attenuation of diabetes-related complications. 
One of the strengths of the TUDID study is that comprehensive data on complications are assessed in patients with different diabetes durations. This facilitates a detailed analysis of the characteristics of diabetes-related complications at different stages of the disease. By including patients with a long history of diabetes, the TUDID study enables us to compare patients with and without distinct complications after many years of altered glucose metabolism. By design, the TUDID study mirrors real-world conditions in Germany and provides insights into the heterogeneous course of the disease. The TUDID study, therefore, might uncover findings in patients who are often excluded from randomized controlled trials.
In addition, the TUDID study provides the opportunity to make an in-depth assessment of the micro- and macrovascular complications of diabetes. We thereby aim to analyze the broadly intertwined facets of the vascular complications of diabetes from different angles and to gain a clearer picture of their complexity.
[bookmark: Bookmark30][bookmark: Bookmark31]One main feature of the TUDID study is the collection and storage of complex datasets and specimens in a state-of-the-art prospective biobank. The usage of biobanks has emerged as a strong tool in research, facilitating large-scale analysis and detailed phenotyping of diseases [48,49]. Due to its prospective design, the TUDID study may profit from current and future advantages of biobanking. Since one major focus of our project is sample quality, we implemented strict workflows to minimize pre-analytic errors. Therefore, we anticipate that advanced OMICS approaches will be possible that rely on such an excellent sample quality (e.g. metabolomics) [50]. Among the limitations is the monocentric design at a large University Hospital in Germany and the follow-up of patients that currently relies on clinical indication for re-examination in the hospital.
[bookmark: Bookmark32]In summary, the TUDID trial is a comprehensive approach for the characterization of micro- and macrovascular diabetes-related complications that goes beyond the commonly recommended screening instruments. We are confident that a precise characterization of diabetes-related complications will contribute to our understanding of the development and course of such complications, and thus facilitate the implementation of tailored treatment options that can reduce the risk and severity of diabetes-related complications [51,52]. 
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Figure 1. Schematic overview of the major organ systems investigated in the TUDID study.

Figure 2. Timeline of the TUDID study.

14

