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Abstract 

Background 

The responses to behavioral, pharmacological, or surgical obesity treatments are highly 

individualized. The Accumulating Data to Optimally Predict obesity Treatment (ADOPT) project 

provides a framework for how obesity researchers, working collectively, can generate the evidence 

base needed to guide the development of tailored, and potentially more effective, strategies for 

obesity treatment.  

Objectives 

The objective of the ADOPT biological domain subgroup is to create a list of highͲpriority biological 

measures for weightͲloss studies that will advance the understanding of individual variability in 

response to adult obesity treatments. This list includes measures of body composition, energy 

homeostasis (energy intake and output), brain structure and function, and biomarkers, as well as 

biobanking procedures, which could feasibly be included in most, if not all, studies of obesity 

treatment. The recommended highͲpriority measures are selected to balance needs for sensitivity, 

specificity, and/or comprehensiveness with feasibility to achieve a commonality of usage and 

increase the breadth and impact of obesity research.  

Significance 

The accumulation of data on key biological factors, along with behavioral, psychosocial, and 

environmental factors, can generate a more precise description of the interplay and synergy among 

them and their impact on treatment responses, which can ultimately inform the design and delivery 

of effective, tailored obesity treatments.  

  



Introduction 

Weight loss provokes coordinated changes in multiple energy homeostatic systems which culminate 

in disproportionately increased energy intake (EI) and decreased energy expenditure (EE) 1, 2. The 

extensive interindividual variability in responses to weight loss 3 and treatments differentially 

targeting these systems 4, 5 suggests that treatment could be improved via better understanding of 

the biological factors mediating energy balance 6, 7.  

TŚĞ NIHͲƐƉŽŶƐŽƌĞĚ AĐĐƵŵƵůĂƚŝŶŐ DĂƚĂ ƚŽ OƉƚŝŵĂůůǇ PƌĞĚŝĐƚ ŽďĞƐŝƚǇ TƌĞĂƚŵĞŶƚ ;ADOPTͿ CŽƌĞ 
Measures Project 8 aims to advance adult obesity medicine in the face of this individual variability in 

treatment responses 9. ADOPT is designed to provide investigators with tools to generate an 

evidence base consisting of common measures across the following four domains: behavioral, 

biological, environmental, and psychosocial, which can enhance interdisciplinary research and 

advance understanding of the sources of response variability, depicted in the ADOPT Working 

Model.  

The biological domain subgroup of the ADOPT working group was tasked with recommending core 

ŵĞĂƐƵƌĞƐ ƌĞůĞǀĂŶƚ ƚŽ ƚŚĞ ͞ĐŽŶƐƚƌƵĐƚƐ͟ ŽĨ ďŽĚǇ ĐŽŵƉŽƐŝƚŝŽŶ͕ ĞŶĞƌŐǇ ďĂůĂŶĐĞ͕ ďŝŽŵĂƌŬĞƌƐ͕ ďƌĂŝŶ 
structure and function, and biobanking, as previously designated by the full ADOPT working group. 

The uniform reporting of common measures can increase the impact and generalizability of the 

combined research body. Further information regarding each construct and measure described 

ďĞůŽǁ ŝƐ ĂǀĂŝůĂďůĞ Ăƚ ƚŚĞ ADOPT CŽƌĞ MĞĂƐƵƌĞƐ WŽƌŬƐƉĂĐĞ ŝŶ ƚŚĞ GƌŝĚͲEŶĂďůĞĚ MĞĂƐƵƌĞƐ ;GEMͿ 
database (https://www.gem-measures.org/workspaces/ADOPT), which is also a venue for 

discussions that help to build consensus around common measures.  

Identification of Biological Measures 

In an effort to create a list of measures of relevant biological constructs that could be employed 

across most, if not all, clinical human obesity studies, several factors were considered in the 

ƐĞůĞĐƚŝŽŶ ŽĨ ƚŚĞ ŵĞƚŚŽĚƐ ;ĚĞƐŝŐŶĂƚĞĚ ĂƐ ͞ŵĞĂƐƵƌĞƐ͟Ϳ ďĞƐƚ ĚĞƐŝŐŶĞĚ ƚŽ ĞǀĂůƵĂƚĞ ĞĂĐŚ ĐŽŶƐƚƌƵĐƚ ŐŝǀĞŶ 
ƚŚĞ ĐŽŶƐƚƌĂŝŶƚƐ ŽĨ ŚƵŵĂŶ ǁĞŝŐŚƚͲůŽƐƐ ƚƌŝĂůƐ͘ TŚĞƐĞ ŝŶĐůƵĚĞĚ 1 the strength of the current evidence 

ƌĞůĂƚŝŶŐ ĞĂĐŚ ŵĞĂƐƵƌĞ ƚŽ ƌĞůĞǀĂŶƚ ĐŽŶƐƚƌƵĐƚƐ ĂŶĚ ǁĞŝŐŚƚͲůŽƐƐ ŽƵƚĐŽŵĞƐ͕ 2 the measure's validity and 

reliability, 3 the feasibility of widespread use of the measure, 4 the measure's burden to 

investigators (cost, administration, availability) and subjects (time and invasiveness), and 5 the 

measuƌĞΖƐ ĂƉƉůŝĐĂďŝůŝƚǇ ƚŽ ƐŵĂůů ;фϱϬ ƉĂƌƚŝĐŝƉĂŶƚƐͿ͕ ŵŽĚĞƌĂƚĞ ;ϱϬͲϮϬϬ ƉĂƌƚŝĐŝƉĂŶƚƐͿ͕ ĂŶĚ ůĂƌŐĞ ;хϮϬϬ 
participants) studies.  

IŶ ŵĂŶǇ ĐĂƐĞƐ͕ ƚŚĞ ͞ŐŽůĚ ƐƚĂŶĚĂƌĚ͟ ŵĞĂƐƵƌĞƐ ǁĞƌĞ ŶŽƚ ƚŚĞ ŵŽƐƚ ƉƌĂĐƚŝĐĂů ǁŝƚŚŝŶ ƚŚĞ ĨĞĂƐŝďŝůŝƚǇ 
ĐŽŶƐƚƌĂŝŶƚƐ ŽĨ ŵĂŶǇ ǁĞŝŐŚƚͲůŽƐƐ ƚƌŝĂůƐ͘ Recognizing the frequent dichotomy between precision and 

ƉƌĂĐƚŝĐĂůŝƚǇ͕ ǁĞ ƉƌŽǀŝĚĞ ƚǁŽ ĐůĂƐƐŝĨŝĐĂƚŝŽŶƐ ŽĨ ŵĞĂƐƵƌĞƐ ǁŝƚŚŝŶ ƚŚĞ ĐŽŶƐƚƌƵĐƚƐ͘ ͞RĞĐŽŵŵĞŶĚĞĚ͟ 
ŵĞĂƐƵƌĞƐ ĂƌĞ ƚŚŽƐĞ ƚŚĂƚ ƐŚŽƵůĚ ďĞ ĨĞĂƐŝďůĞ ĂŶĚ ĐŽƐƚͲĞĨĨĞĐƚŝǀĞ ŝŶ Ăůů ŽďĞƐŝƚǇͲƌĞůĂƚĞĚ ĐůŝŶŝĐĂů ƚƌŝĂůƐ͘ 
͞“ƵŐgested͟ ŵĞĂƐƵƌĞƐ ĂƌĞ ƚŚŽƐĞ ƚŚĂƚ ƐŚŽƵůĚ ďĞ ĨĞĂƐŝďůĞ ĂŶĚ ĐŽƐƚͲĞĨĨĞĐƚŝǀĞ ŝŶ ŵĂŶǇ͕ ŝĨ ŶŽƚ ŵŽƐƚ͕ 
clinical trials and, if possible, should be performed in addition to the recommended measures. 

Except as otherwise noted (e.g., for targeted genetic studies), all measures outlined below should be 

obtained at baseline and at other time points (e.g., during and after an intervention) in each study.  

Body Composition 

Within the area of body composition, we included both anthropometric and bioelectrical impedance 

measures to allow for the assessment of body fat content, central versus peripheral fat distribution, 

and visceral versus subcutaneous fat distribution in a manner that can be integrated across previous 

https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0001
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0005
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0006
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0007
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0008
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0009
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https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0002
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0003
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0004
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0005


and future studies 10. It is likely that this recommendation will change going forward, as more 

investigators use recommended measures of body fat content (see below).  

Anthropometry 

Anthropometry includes the assessment of height, weight, and calculated BMI (recommended) as 

well as central fat mass (FM) and the relative distribution of fat in central and peripheral fat depots 

ďǇ ǁĂŝƐƚ ĂŶĚ ŚŝƉ ĐŝƌĐƵŵĨĞƌĞŶĐĞƐ ĂŶĚ ĐĂůĐƵůĂƚĞĚ ǁĂŝƐƚͲƚŽͲŚŝƉ ƌĂƚŝŽ ;WHRͿ ;ƌĞĐŽŵŵĞŶĚĞĚͿ͘ TŚĞ 
feasibility of anthropometry permits easy frequent measurement (at least every 1 to 3 months in the 

ŝŶŝƚŝĂů ƉŚĂƐĞƐ ŽĨ ǁĞŝŐŚƚͲůŽƐƐ ƚƌŝĂůƐͿ͕ ǁŚŝĐh is necessary to document early responses (1 to 2 months) 

to surgical 11, 12 and nonsurgical 13, 14 interventions as prĞĚŝĐƚŽƌƐ ŽĨ ůŽŶŐͲƚĞƌŵ ƐƵĐĐĞƐƐ͘  

However, together BMI, sex, and age only explain approximately 50% to 60% of the variance in 

ƉĞƌĐĞŶƚ ďŽĚǇ ĨĂƚ ĂƐ ŵĞĂƐƵƌĞĚ ďǇ ĚƵĂů ĞŶĞƌŐǇ ǆͲƌĂǇ ĂďƐŽƌƉƚŝŽŵĞƚƌǇ ;DXAͿ ;ƐƵŐŐĞƐƚĞĚͿ͕ ǁŚŝĐŚ ŝƐ ƚŚĞ 
͞ŐŽůĚ ƐƚĂŶĚĂƌĚ͟ 15, and anthropometry is clearly less accurate than bioelectric impedance 

spectroscopy (BIS), DXA, magnetic resonance imaging (MRI), and BodPod (see below). The accuracy 

of BMI is further diminished in participants with increased fractional lean body mass, such as 

athletes with very high muscle mass, (e.g., weightlifters) 16, or increased fractional FM, such as the 

ĞůĚĞƌůǇ͘ BMI ĚŽĞƐ ŶŽƚ ĂƐƐĞƐƐ FM ĂŶĚ ĨĂƚͲĨƌĞĞ ŵĂƐƐ ;FFMͿ͕ ďŽƚŚ ŽĨ ǁŚŝĐŚ ĂƌĞ ŝŵƉŽƌƚĂŶƚ ĚĞƚĞƌŵŝŶĂŶƚƐ 
of EE and EI, and different interventions may differentially affect body composition (FM and FFM) 

and weight 16.  

It is recommended that both waist circumference and WHR are collected in all adult studies 17 

because both the absolute amount of central fat 17, 18 and the relative amount of fat distributed in 

central versus peripheral fat depots 19, 20 ŚĂǀĞ ďĞĞŶ ƐŚŽǁŶ ƚŽ ďĞ ƉƌĞĚŝĐƚŝǀĞ ŽĨ ŵƵůƚŝƉůĞ ĂĚŝƉŽƐŝƚǇͲ
related comorbidities and may affect intervention response 21-23. Both of these measures have 

been reported to correlate closely with visceral and subcutaneous adipose tissue measured by DXA 

(suggested) or MRI 24, 25. To minimize variability in WHR, it is critical that investigators utilize 

uniform landmarks, with waist circumference measured at the iliac crest and hip circumference 

measured at the level of the trochanters as utilized by the National Center for Health Statistics in 

National Health and Nutrition Examination Survey studies 26. It should be noted that the abdominal 

circumference measured at the midpoint between the inferior border of the ribcage and the 

superior aspect of the iliac crest has been reported to be a better correlate of central adiposity in 

some studies 27. However, the NIH method is recommended to allow for better comparisons with 

existing National Health and Nutrition Examination Survey and other data.  

Anatomic fat storage 

Anthropometry fails to distinguish subcutaneous from visceral fat, which has been reported to be 

correlated with the risk for metabolic syndrome, cardiovascular disease, and several malignancies 

28, and the relative distribution of visceral and subcutaneous fat varies significantly by gender and 

between ethnic and/or racial groups 29. Specifically, it is recommended that all studies include more 

direct measures of FM by BIS 30, which is a noninvasive and inexpensive type of bioimpedance to 

assess body composition that can be utilized in studies of any size or duration. BIS is comparable 

ǁŝƚŚ ƚŚĞ ƐŝŶŐůĞͲĨƌĞƋƵĞŶĐǇ ĚĞǀŝĐĞƐ ƵƐĞĚ ŝŶ ďŝŽŝŵƉĞĚĂŶĐĞ ĂŶĂůǇƐŝƐ ;ĐŽŶǀĞŶƚŝŽŶĂůůǇ ĚĞŶŽƚĞĚ ĂƐ BIAͿ ŝŶ 
terms of subject burden and cost. The multisegmental, multifrequency BIS device allows for the 

ŝĚĞŶƚŝĨŝĐĂƚŝŽŶ ŽĨ ŵŽƌĞ ĐŽŵƉŽŶĞŶƚƐ ŽĨ ďŝŽŝŵƉĞĚĂŶĐĞ ;ĐĂƉĂĐŝƚĂŶĐĞ͕ ƌĞƐŝƐƚĂŶĐĞ͕ ĞƚĐ͘Ϳ ƚŚĂŶ ƐŝŶŐůĞͲ
frequency bioimpedance analysis devices, and BIS measures of extracellular/intracellular resistance 

have been reported to be significantly correlated with intraabdominal FM measures by computed 

tomography scans 31. BIS has also been reported to correlate better with FM than BMI and with 

https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0010
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visceral and/or intraabdominal fat (measured by MRI) than waist circumference or WHR 32. Overall, 

BIS has been reported to explain 80% to 90% of the variance in FM and visceral fat and 50% to 55% 

of the variance in intraabdominal fat by DXA and/or MRI 32, 33. Despite the advantages of BIS, it has 

been reported to underestimate FM and overestimate FFM, especially in males 33, and BIS can be 

less reliable when the hydration status of FM and FFM are uncertain (e.g., in children, individuals 

with edema, and postbariatric surgery patients). In addition, there are multiple BIS systems available 

that have not been crossvalidated. It is therefore essential to always report the exact BIS system 

utilized.  

The addition of BIS will allow for the integration of data from multiple studies and further validation 

of this approach. Though BIS provides the best option for the assessment of body composition, 

when balancing the value of the data with the cost and participant burden in large clinical trials, this 

recommendation does not preclude the use of more accurate or precise suggested measures of 

body composition such as DXA, MRI, or quantitative magnetic resonance spectroscopy. It is 

anticipated that the acquisition of BIS data along with other suggested measures of body 

composition in some studies will provide a large data set that can be utilized to better define the 

precision of BIS in different populations.  

Energy Balance 

TŚĞ ƌĞůĂƚŝǀĞ ůŽŶŐͲƚĞƌŵ ĐŽŶƐƚĂŶĐǇ ŽĨ ďŽĚǇ ǁĞŝŐŚƚ ĂŶĚ ƚŚĞ ŽǀĞƌĂůů ůĂĐŬ ŽĨ ƐƵĐĐĞƐƐ ŽĨ ŶŽŶƐƵƌŐŝĐĂů 
ŝŶƚĞƌǀĞŶƚŝŽŶƐ ŝŶ ůŽŶŐͲƚĞƌŵ ǁĞŝŐŚƚ ƌĞĚƵĐƚŝŽŶ ƐƵŐŐĞƐƚƐ ƚŚĂƚ͕ Ăƚ ƵƐƵĂů ǁĞŝŐŚƚ͕ EI ĂŶĚ ŽƵƚƉƵƚ ĂƌĞ 
͞ĐŽƵƉůĞĚ͟ ĂŶĚ ǀĂƌǇ ĚŝƌĞĐƚůǇ ƚŽ ŵĂŝŶƚĂŝn energy stores. Once weight is perturbed, this coupling is lost, 

ĂŶĚ EI ĂŶĚ ĞŶĞƌŐǇ ŽƵƚƉƵƚ ŶŽǁ ǀĂƌǇ ŝŶǀĞƌƐĞůǇ ƚŽ ͞ĚĞĨĞŶĚ͟ ƉƌĞǀŝŽƵƐ ďŽĚǇ ĞŶĞƌŐǇ ƐƚŽƌĞƐ 2, 34. There is 

large interindividual variability in EI and EE (including cardiorespiratory fitness [CRF], which is an 

important determinant of exercise recommendations) and, of course, adherence before, during, and 

after weight change 3, 23, 35-37. A better understanding of this variability is likely to identify certain 

energy homeostatic phenotypes that are predictive of individualized best practice 

recommendations.  

EE 

Total EE (TEE) is composed of resting EE (REE), the thermic effect of feeding (TEF), and nonresting EE 

(NREE) 38͕ ĞĂĐŚ ŽĨ ǁŚŝĐŚ ŝƐ ůŝŬĞůǇ ƚŽ ĐŚĂŶŐĞ ŝŶ ǁĞŝŐŚƚͲůŽƐƐ ƐƚƵĚŝĞƐ͘ DŝƌĞĐƚ ĂŶĚ ŝŶĚŝƌĞĐƚ ŽďũĞĐƚŝǀĞ 
measures for these variables present challenges for large clinical ǁĞŝŐŚƚͲůŽƐƐ ƚƌŝĂůƐ ďĞĐĂƵƐĞ ŽĨ ƚŚĞŝƌ 
expense, participant burden, and feasibility. Because of these limitations, it is recommended that 

measures of TEE and its components be calculated.  

CĂůĐƵůĂƚĞĚ REE ƐŚŽƵůĚ ďĞ ĂĐƋƵŝƌĞĚ ǁŝƚŚ ƚŚĞ MŝĨĨůŝŶͲ“ƚ͘ JĞŽƌ ĞƋƵĂƚŝŽŶ (recommended) 39, which is 

best correlated (R2രсരϬ͘ϴϬͲϬ͘ϴϱͿ ǁŝƚŚ ĐĂůŽƌŝŵĞƚƌŝĐ ŵĞĂƐƵƌĞƐ ŽĨ REE 39 ĂŶĚ ƐƵƉĞƌŝŽƌ ƚŽ ŽƚŚĞƌ ůĞƐƐͲ
ƐƚƵĚŝĞĚ Žƌ ŵŽƌĞ ƉŽƉƵůĂƚŝŽŶͲƐƉĞĐŝĨŝĐ ĞƋƵĂƚŝŽŶƐ 40͘ TŚĞ ĨŽůůŽǁŝŶŐ ĂƌĞ ƚŚĞ MŝĨĨůŝŶͲ“ƚ͘ JĞŽƌ ĞƋƵĂƚions: 

ĨŽƌ ŵĂůĞƐ͕ REE ;ŬŝůŽĐĂůŽƌŝĞƐ ƉĞƌ ĚĂǇͿരсരϭϬരпരǁĞŝŐŚƚ ;ŬŝůŽŐƌĂŵƐͿരнരϲ͘ϮϱരпരŚĞŝŐŚƚ ;ĐĞŶƚŝŵĞƚĞƌƐͿരоരϱരпരĂŐĞ 
;ǇĞĂƌƐͿരнരϱ͖ ĨŽƌ ĨĞŵĂůĞƐ͕ REE ;ŬŝůŽĐĂůŽƌŝĞƐ ƉĞƌ ĚĂǇͿരсരϭϬരпരǁĞŝŐŚƚ ;ŬŝůŽŐƌĂŵƐͿരнരϲ͘ϮϱരпരŚĞŝŐŚƚ 
;ĐĞŶƚŝŵĞƚĞƌƐͿരоരϱരпരĂŐĞ ;ǇĞĂƌƐͿരоരϭϲϭ͘  

It should bĞ ŶŽƚĞĚ ƚŚĂƚ ƚŚĞ MŝĨĨůŝŶͲ“ƚ͘ JĞŽƌ ĞƋƵĂƚŝŽŶ ŵĂǇ ĂůƐŽ ŚĂǀĞ ůŝŵŝƚĂƚŝŽŶƐ ŝŶ ŝƚƐ ŐĞŶĞƌĂůŝǌĂďŝůŝƚǇ͘ 
Equations for individuals who are transgender, intersex, have abnormal numbers of X or Y 

chromosomes, or who have undergone or are undergoing surgical or hormonal therapy relevant to 

gender have not as yet been derived 41͘ TŚĞ ŝŶĐƌĞĂƐŝŶŐ ĂƚƚĞŶƚŝŽŶ ƚŽ ŐĞŶĚĞƌ ŵĞĚŝĐŝŶĞ ĂŶĚ ŐĞŶĚĞƌͲ
specific biological variation in human metabolic disease should yield an expanded list of calculations 

going forward.  
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IŶ ůŝĞƵ ŽĨ ĚŝƌĞĐƚůǇ ŵĞĂƐƵƌŝŶŐ NREE͕ ŝƚ ŝƐ ƌĞĐŽŵŵĞŶĚĞĚ ƚŚĂƚ Ă ƋƵĞƐƚŝŽŶŶĂŝƌĞͲďĂƐĞĚ ĂƐƐĞƐƐŵĞŶƚ ŽĨ 
Physical Activity Level (PAL) be acquired 42͘ PAL ŝƐ ĚĞĨŝŶĞĚ ĂƐ TEEͬREE͕ ĂŶĚ ƚŚĞ ƋƵĞƐƚŝŽŶŶĂŝƌĞͲ
derived PAL was chosen because of its simplicity, its validation by correlation with PAL measured by 

calorimetry, and its applicability across multŝƉůĞ ƐƚƵĚŝĞƐ͘ TŚŝƐ ƋƵĞƐƚŝŽŶŶĂŝƌĞ ƉƌŽǀŝĚĞƐ Ă ƐĞůĨͲ
evaluation of physical activity during work and leisure activities. The calculated REE and PAL can then 

ďĞ ƵƐĞĚ ƚŽ ĚĞƌŝǀĞ Ă ĐĂůĐƵůĂƚĞĚ TEE ;TEEരсരPALരпരREEͿ͘  

The working group readily acknowledges that other direct and indirect measures can provide more 

accurate and precise measures of TEE, its components, and metabolic adaptation in response to 

treatment 43 but ĂƌĞ ŶŽƚ ĨĞĂƐŝďůĞ ŝŶ ŵĂŶǇ ǁĞŝŐŚƚͲůŽƐƐ ƚƌŝĂůƐ ďĞĐĂƵƐĞ ŽĨ ƚŚĞ ĞǆƉĞŶƐĞ ĂŶĚ ƌĞƋƵŝƌĞĚ 
specialized equipment 38, 44. If possible, the calorimetric measurement of REE in the overnight 

fasted state by using a metabolic cart or room indirect calorimeter to measure rates of carbon 

dioxide production (VCO2) and oxygen consumption (VO2) is suggested. The VCO2/VO2 ratio 

ƉƌŽǀŝĚĞƐ ĂŶ ŝŶĚĞǆ ŽĨ ƚŚĞ ƌĞůĂƚŝǀĞ ŵŝǆƚƵƌĞ ŽĨ ŵĞƚĂďŽůŝĐ ĨƵĞůƐ ďĞŝŶŐ ƵƚŝůŝǌĞĚ͘ “ŝŵŝůĂƌůǇ͕ ĚŽƵďůǇͲůĂďĞůĞĚ 
ǁĂƚĞƌ ĐĂŶ ďĞ ƵƐĞĚ ƚŽ ŵĞĂƐƵƌĞ TEE ŝŶ ƚŚĞ ĨƌĞĞͲůŝǀŝŶŐ ĞŶǀŝƌŽŶŵĞŶƚ͕ ĂŶĚ ǁŚŽůĞͲƌŽŽŵ ŝŶĚŝƌĞĐƚ 
calorimetry chambers can be used to provide robust objective estimates of TEE, NREE, and REE. 

Though these approaches can also be utilized to acquire TEF with the appropriate feeding study 

design, TEF is neither recommended nor suggested across all studies because of the necessary 

complexity of these designs coupled with the relatively small contribution of TEF to TEE and adaptive 

thermogenesis 3.  

EI 

Under static conditions of body weight and composition stability, EI must be equal to TEE. EI steady 

state (recommended) refers to EI when body composition and mass are not changing over time and 

can be presumed equal to the calculated TEE 45. It should be noted that this does not include or 

account for variations in diet composition or the possible effects on the partitioning of stored 

calories (see the body composition section) that might occur, for example, as a result of weight loss 

with a resistance training component (increased partitioning of stored calories as FFM) versus 

aerobic training 46͘ DƵƌŝŶŐ ĚǇŶĂŵŝĐ ƉĞƌŝŽĚƐ ŽĨ ǁĞŝŐŚƚ ĐŚĂŶŐĞ ;EIരтരEEͿ͕ ŵĞĂƐƵƌŝŶŐ EI ŝƐ ŵŽƌĞ ĚŝĨĨŝĐƵůƚ͘ 
“ĞůĨͲƌĞƉŽƌƚĞĚ EI ŵĞĂƐƵƌĞƐ ŚĂǀĞ ďĞĞŶ ƐŚŽǁŶ ƚŽ ďĞ ŝŶĂĐĐƵƌĂƚĞ 47 but changes in EI (recommended) 

during such periods can be mathematically modeled with measures of EE and body composition 

dynamics 33͘ TŚŝƐ ŵŽĚĞů ŚĂƐ ƌĞĐĞŶƚůǇ ďĞĞŶ ǀĂůŝĚĂƚĞĚ ĂŐĂŝŶƐƚ ƚŚĞ ŝŶƚĂŬĞͲďĂůĂŶĐĞ ŵĞƚŚŽĚ ŝŶ Ă ϮͲǇĞĂƌ 
ĐĂůŽƌŝĞͲƌĞƐƚƌŝĐƚŝŽŶ ĞǆƉĞƌŝŵĞŶƚ ŝŶ ϭϰϬ ƉĞŽƉůĞ ŽĨ ǀĂƌǇŝŶŐ ĂŐĞ ĂŶĚ BMI 48, and it requires only baseline 

anthropometric and demographic information along with repeated body weight measurements over 

the course of the intervention. There are assumptions underlying this model, such as the stability of 

REE and PAL. More frequent body weight measurement increases the precision of the calculated 

changes in EI over time, and physical activity time course data (e.g., from actigraphy measurements) 

can also be incorporated to account for changes in NREE. The full description of this calculation, 

including MatLab Code information, can be found at the GEM website (https://www.gem-

measures.org/workspaces/ADOPT).  

The estimation of the average EI over an extended duratiŽŶ ŝƐ ŝĚĞĂůůǇ ĐĂůĐƵůĂƚĞĚ ďǇ ƵƐŝŶŐ ƚŚĞ ŝŶƚĂŬĞͲ
balance method involving body composition measurements along with repeated TEE measurements 

by using doubly labeled water 49͖ ƚŚĞƐĞ ƉƌŽĐĞĚƵƌĞƐ ĂƌĞ͕ ƵŶĨŽƌƚƵŶĂƚĞůǇ͕ ŝŵƉƌĂĐƚŝĐĂů ĨŽƌ ůĂƌŐĞƌ ǁĞŝŐŚƚͲ
ůŽƐƐ ƐƚƵĚŝĞƐ͘ DĞƉĞŶĚŝŶŐ ƵƉŽŶ ƚŚĞ ĚƵƌĂƚŝŽŶ ĂŶĚ ƚǇƉĞƐ ŽĨ ǁĞŝŐŚƚͲůŽƐƐ ŝŶƚĞƌǀĞŶƚŝŽŶ͕ ĂŶĚ ƉĂƌƚŝĐŝƉĂŶƚ ĂŐĞ 
and gender, calculated EI based on TEE and weight or body composition change has accounted for 

ďĞƚǁĞĞŶ ϮϬй ĂŶĚ ϲϬй ŽĨ ƚŚĞ ǀĂƌŝĂŶĐĞ ŝŶ EI ĐĂůĐƵůĂƚĞĚ ďǇ ƵƐŝŶŐ ƚŚĞ ŝŶƚĂŬĞͲďĂůĂŶĐĞ ŵĞƚŚŽĚ 
(suggested) as described above 48.  
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CRF 

CRF varies significantly between individuals and may modify responses to obesity treatment either 

directly or via compliance with exercise recommendations 50. CRF is also significantly correlated 

with mortality and comorbidity risk, independent of body fatness 51. Though the gold standard for 

CRF is an ergometric VO2max test, an approximation can be made from resting heart rate or an 

alternative submaximal fitness test. Resting heart rate was selected as a recommended measure 

because it is easy and inexpensive to perform and has been reported to explain about 20% of the 

variance in CRF 52 ƵƐŝŶŐ ŵƵůƚŝƉůĞ ĚŝĨĨĞƌĞŶƚ ĞƋƵĂƚŝŽŶƐ ĂŶĚ ĐĂůĐƵůĂƚŝŽŶƐ͘ TŚĞ ϯͲŵŝŶƵƚĞ ƐƚĞƉ ƚĞƐƚ ŚĂƐ 
been reported to explain 50% to 90% of the variance in fitness by treadmill testing but may not be 

practical for larger studies, and it is therefore suggested rather than recommended 53, 54. For 

subjects who are unable to perform the step test because of orthopedic or fitness issues, a simpler 

version using a corridor walk may be substituted 55.  

Brain Structure and Function 

OďĞƐŝƚǇͲĂƐƐŽĐŝĂƚĞĚ ĂůƚĞƌĂƚŝŽŶƐ ŝŶ ďƌĂŝŶ ƐƚƌƵĐƚƵƌĞ ĂŶĚ ĨƵŶĐƚŝŽŶ 56, 57 have been correlated with 

weight loss and regain in behavioral and bariatric surgery trials 56, 58, with limited data regarding 

other treatments. Incentive motivation, reward learning, and executive function (including working 

memory) 58 are the neurocognitive constructs most predictive of treatment outcomes. These 

functions are largely mediated by the doƉĂŵŝŶĞƌŐŝĐ ĨƌŽŶƚŽͲƐƚƌŝĂƚĂů ;ƌĞǁĂƌĚͬŵŽƚŝǀĂƚŝŽŶͿ͕ ĨƌŽŶƚŽͲ
ƉĂƌŝĞƚĂů ;ĞǆĞĐƵƚŝǀĞ ĨƵŶĐƚŝŽŶͿ͕ ĂŶĚ ŚŝƉƉŽĐĂŵƉĂůͲĂŵǇŐĚĂůĂ ;ůĞĂƌŶŝŶŐ ĂŶĚ ŵĞŵŽƌǇͿ ƐǇƐƚĞŵƐ͕ ǁŚŝĐŚ 
operate as both independent and interdependent networks 59. Emerging data has also indicated 

that related neural systems (interoceptive and salience networks) could be important for weight 

outcome prediction 60.  

This manuscript focuses on brain structure and function rather than the affected neurocognitive 

constructs discussed in the ADOPT psychosocial domain 61. The current gold standard measures are 

MRI ƚŽ ĂƐƐĞƐƐ ƐƚƌƵĐƚƵƌĞ ĂŶĚ ďůŽŽĚ ŽǆǇŐĞŶͲĚĞƉĞŶĚĞŶƚ ĨƵŶĐƚŝŽŶĂů MRI ;ĨMRIͿ ƚŽ ĂƐƐĞƐƐ ĨƵŶĐƚŝŽŶ͘ FMRI 
can identify the 1 neural substrates that execute behaviors in response to environmental demands 

and 2 functionally linked intrinsic neural networks that can be assessed in the absence of external, 

ĞŶǀŝƌŽŶŵĞŶƚĂů ĚĞŵĂŶĚƐ ;ŝ͘Ğ͕͘ ƌĞƐƚŝŶŐ ƐƚĂƚĞ ĨMRIͿ͘ TŚĞ ŵĞĂƐƵƌĞŵĞŶƚ ŽĨ ƌĞƐƚŝŶŐͲƐƚĂƚĞ ĐŽŶŶĞĐƚŝǀŝƚǇ ŝƐ 
feasible in large multisite studies and, when integrated with other measures (e.g., cognitive, 

psychosocial, other biomarkers), can define mechanisms and neuropsychological subtypes that may 

predict responses to treatment 62 ĞǀĞŶ ƚŚŽƵŐŚ ĐŽƌƌĞůĂƚŝŽŶƐ ŽĨ ƌĞƐƚŝŶŐͲƐƚĂƚĞ ĨMRI ŝŶ ƐƉĞĐŝĨŝĐ ƐŝŶŐůĞ 
brain regions with behaviors are relatively low 63-69.  

BĞĐĂƵƐĞ ŽĨ ƚŚĞ ĐŽƐƚ ĂŶĚ ďƵƌĚĞŶ ƚŽ ďŽƚŚ ƚŚĞ ƉĂƌƚŝĐŝƉĂŶƚƐ ĂŶĚ ƌĞƐĞĂƌĐŚĞƌƐ͕ ƌĞƐƚŝŶŐͲƐƚĂƚĞ ĨMRI ƐĐĂŶƐ 
are only suggested when feasible. Analyses of these fMRI data should include the assessment and 

comparison across several networks representing the neural systems described above. The 

suggested MRI/fMRI protocol includes 1 anatomical MRI for structure (volume, density, shape, 

cortical thickness) and to aid in preprocessing of the fMRI data, 2 diffusion MRI (white matter 

tractography or structural connectivity), and 3 ƌĞƐƚŝŶŐͲƐƚĂƚĞ ĨƵŶĐƚŝŽŶĂů ĐŽŶŶĞĐƚŝǀŝƚǇ MRI͘ GŝǀĞŶ ƚŚĂƚ 
ƌĞƐƚŝŶŐͲƐƚĂƚĞ ĨƵŶĐƚŝŽŶĂů ĐŽŶŶĞĐƚŝǀŝƚǇ MRI ŵĂǇ ďĞ ƐĞŶƐŝƚŝǀĞ ƚŽ ƚŚĞ ŝnternal state, collecting data about 

the participant's last meal and the subjective experience of the internal state (hunger, satiety) is 

suggested 61. RestinŐͲƐƚĂƚĞ ƐƚƵĚŝĞƐ ŝŶ ĨĂƐƚŝŶŐ ĂŶĚ ĨĞĚ ƐƚĂƚĞƐ ǁŝůů ƉƌŽǀŝĚĞ ŝŶƐŝŐŚƚƐ ŝŶƚŽ ďƌĂŝŶ ĂƌĞĂƐ 
related to meal initiation and cessation. The value of fMRI is significantly increased through the 

integration with neurocognitive and psychosocial measures 61 and biomarkers of EI (e.g., gut 

peptides) and EE (e.g., leptin and thyroid hormones) described below.  
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Humoral Biomarkers 

Biomarkers can provide information about the potential mechanisms by which information 

regarding nutreint availability, energy stores, and energy balance are communicated to central 

nervous system tracts regulating energy homeostasis as well as provide valuable insights into 

ĂĚŝƉŽƐŝƚǇͲƌĞůĂƚĞĚ ĐŽŵŽƌďĚŝƚŝĞƐ͘ Biomarker significance is influenced by whether subjects are at 

ǁĞŝŐŚƚ ŚŽŵĞŽƐƚĂƐŝƐ͕ ĂƌĞ ǁĞŝŐŚƚͲƌĞĚƵĐĞĚ͕ Žƌ ĂƌĞ ŝŶ ƚŚĞ ƉƌŽĐĞƐƐ ŽĨ ǁĞŝŐŚƚ ŐĂŝŶ Žƌ ůŽƐƐ͘ “ŽŵĞ ŽĨ ƚŚĞ 
recommended biomarkers (e.g., leptin) predictably and coordinately change in response to caloƌŝĞͲ
restricted weight loss in a manner that would elevate appetite and suppress EE (1). Baseline 

measures for some recommended biomarkers (e.g., leptin, total ghrelin) are predictive of weight 

regain 70, 71 in some, but not all, studies 72. The potential value and/or cost of these measures at 

baseline, after weight loss, and after a period of weight maintenance is considered high, given the 

low subject burden (i.e., a blood draw) and commercial availability of the assays.  

Energy homeostasis 

A ŶƵŵďĞƌ ŽĨ ĂĚŝƉŽĐǇƚĞͲĚĞƌŝǀĞĚ ŚŽƌŵŽŶĞƐ ǇŝĞůĚ ǀĂůƵĂďůĞ ĚĂƚĂ ƌĞŐĂƌĚŝŶŐ ĨĂĐƚŽƌƐ ƚŚĂƚ ŵĂǇ ĂĨĨĞĐƚ Žƌ 
represent energy stores and balance. As exemplified by leptin (recommended) 73, response to any 

intervention may depend upon whether the participant is being treated to promote weight loss or 

prevent weight regain. Therefore, biochemical assessments relevant to energy balance and/or 

affecting EI and energy output are extremely relevant.  

Leptin is secreted by adipose tissue, reflects both adipose tissue stores and energy balance, and is 

recommended. At baseline weight, circulating leptin concentrations are directly proportional to FM, 

while during caloric restriction, the leptin/FM ratio may be severely decreased versus only mildly 

diminished following weight loss 73. A low ratio of leptin to FM may therefore be an indicator of 

undernutrition, while an unusually high ratio may suggest leptin resistance.  

The measurement of fasting levels of the pancreatic peptide amylin is recommended, not only for its 

effects on nutrient utilization by inhibition of postprandial glucagon, but also because it reduces EI 

by promoting satiation and attenuates the disproportionate decline in EE that typically occurs during 

and following weight loss; it thus serves as a marker of weight response 74. In rodent studies, amylin 

receptors are located within the brainstem as well in multiple other organs, and exogenous amylin 

ĂĐƚƐ ƐǇŶĞƌŐŝƐƚŝĐĂůůǇ ǁŝƚŚ ůĞƉƚŝŶ ĂƐ ǁĞůů ĂƐ ŐůƵĐĂŐŽŶͲůŝŬĞ ƉĞƉƚŝĚĞ ϭ ;GLPͲϭͿ͕ ƉĞƉƚŝĚĞ YY ;PYYϯͲϯϲ), and 

other anorexiant molecules 75. In human studies, coadministration of amylin with leptin has been 

shown to enhance weight loss during caloric restriction 76.  

AĚŝƉŽŶĞĐƚŝŶ͕ ƉĂƌƚŝĐƵůĂƌůǇ ŚŝŐŚͲŵŽůĞĐƵůĂƌͲǁĞŝŐŚƚ ;HMWͿ ĂĚŝƉŽŶĞĐƚŝŶ͕ ŝƐ ƌĞĐŽŵŵĞŶĚĞĚ ďĞĐĂƵƐĞ ŽĨ ŝƚƐ 
positive association with cardiovascular fitness and insulin sensitivity and its negative association 

with the secretion of multiple proinflammatory cytokines. During caloric restriction, adiponectin 

levels increase disproportionately to the decrease in FM. The multifunctional nature of adiponectin 

and its potentially pivotal role in mediating comorbidity risk make it a worthwhile and relatively 

inĞǆƉĞŶƐŝǀĞ ƚĞƐƚ ƚŽ ƉĞƌĨŽƌŵ͖ ĂŶĂůǇƐĞƐ ŽĨ ŚŝŐŚͲŵŽůĞĐƵůĂƌͲǁĞŝŐŚƚ ĂŶĚ ůŽǁͲŵŽůĞĐƵůĂƌͲǁĞŝŐŚƚ 
adiponectin is recommended in all studies 77, 78.  

Thyroid hormones 

MĞĂƐƵƌĞƐ ŽĨ ŬĞǇ ĐŽŵƉŽŶĞŶƚƐ ŽĨ ƚŚǇƌŽŝĚ ŚŽƌŵŽŶĞƐ ;ƚŚǇƌŽŝĚͲƐƚŝŵƵůĂƚŝŶŐ ŚŽƌŵŽŶĞ͕ ƚŚǇƌŽǆŝŶĞ ;TϰͿ͕ 
and the free T4 Index) are recommended because of their known role in regulating energy balance. 

DŝĞƚͲŝŶĚƵĐĞĚ ǁĞŝŐŚƚ ůŽƐƐ ŝƐ ĂĐĐŽŵƉĂŶŝĞĚ ďǇ Ă ĚĞĐůŝŶĞ ŝŶ ƚŚǇƌŽŝĚͲƐƚŝŵƵůĂƚŝŶŐ ŚŽƌŵŽŶĞ͕ 
TƌŝŝĚŽƚŚǇƌŽŶŝŶĞ ;TϯͿ͕ ĂŶĚ Tϰ ƐŝŵŝůĂƌ ƚŽ ͞ƐŝĐŬ ĞƵƚŚǇƌŽŝĚ ƐǇŶĚƌŽŵĞ͟ 79, 80͕ ĂŶĚ ƚŚǇƌŽŝĚͲŚŽƌŵŽŶĞ 
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ƌĞƉůĞƚŝŽŶ ŝŶ ǁĞŝŐŚƚͲƌĞĚƵĐĞĚ ŝŶĚŝǀŝĚƵĂůƐ ŚĂƐ ƌĞĐĞŶƚůǇ ďĞĞŶ ƌĞƉŽƌƚĞĚ to resolve some of the peripheral 

adaptive responses thought to drive weight regain (Rosenbaum M, Goldsmith R, Haddad F, et al., 

unpublished data, 2018) in a manner similar to what is seen following thyroid repletion in 

hypothyroid individuals 81, 82. Other factors commonly measured when assessing thyroid status 

(T3, reverse T3) present a significant burden for researchers because of the expense of these assays 

and are suggested only when resources are available.  

Hunger/satiety signals 

Hunger and/or satiety hormone levels change in response to meals and collectively provide 

ƐƵƌƌŽŐĂƚĞ ƐŝŐŶĂůƐ ĨŽƌ ŶƵƚƌŝĞŶƚ ĂǀĂŝůĂďŝůŝƚǇ͘ A ŶƵŵďĞƌ ŽĨ ŐƵƚͲĚĞƌŝǀĞĚ ƉĞƉƚŝĚĞƐ͕ ŝŶĐůƵĚŝŶŐ ŐŚƌĞůŝŶ͕ GLPͲϭ͕ 
and PYYϯͲϯϲ, affect appetite 83 and coordinately change in response to calorie restriction 1. Baseline 

total ghrelin levels are predictive of weight loss 70, and meal responses of PYYϯͲϯϲ ĂŶĚ GLPͲϭ ŚĂǀĞ 
ďĞĞŶ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ƐƵĐĐĞƐƐĨƵů ƌĞĚƵĐĞĚͲǁĞŝŐŚƚ ŵĂŝŶƚĞŶĂŶĐĞ 84. Such studies provide examples of 

how these peptides could be valuable in modeling treatment outcomes. Though postprandial 

responses of these hormones have provided the most pertinent information for predicting 

treatment responses, meal challenges were judged as too great of a burden on both participants and 

ƚŚĞ ƌĞƐĞĂƌĐŚĞƌƐ͘ TŚĞ ŵĞĂƐƵƌĞŵĞŶƚ ŽĨ ĨĂƐƚŝŶŐ ƚŽƚĂů ŐŚƌĞůŝŶ͕ GLPͲϭ͕ ĂŶĚ PYYϯͲϯϲ is recommended for 

Ăůů ǁĞŝŐŚƚͲůŽƐƐ ƐƚƵĚŝĞƐ ĂƐ ƚŚĞ ďĞƐƚ ĐŽŵƉƌŽŵŝƐĞ ďĞƚǁĞĞŶ ĨĞĂƐŝďŝůŝƚǇ ĂŶĚ ŝŶĨŽƌŵĂƚŝŽŶĂů ǀĂůƵĞ͘ OƚŚĞƌ 
gut peptides with similar actions were considered for predicting treatment outcomes, including 

cholecystokinin and glucagon inhibitory peptide, but the added value was deemed insufficient 

because of the greater assay difficulty and expense and the likelihood of collinearity with those 

already recommended. Plasma AgRP has been suggested as a biomarker of hypothalamic 

melanocortin activity, which could reflect downstream activity of the hunger and satiety signals even 

though there is only limited evidence for it as a biomarker. AgRP is linked to insulin sensitivity during 

and after weight loss 85, suggesting that this molecule may provide insights relevant to other 

biomarkers as well as brain function. For these reasons, measures of cholecystokinin, glucagon 

inhibitory peptide, AgRP, and postprandial responses of all of these hunger/satiety signals were 

suggested only when it is feasible and resources are available. It should also be noted that properly 

processed and stored samples can be biobanked (see below) for future analyses if cost limitations 

are prohibitive in a given study.  

Nutrient status 

NƵƚƌŝĞŶƚͲƐĞŶƐŝŶŐ ƐǇƐƚĞŵƐ ŝŶ ƉĞƌŝƉŚĞƌĂů ƚŝƐƐƵĞƐ ĂŶĚ ŝŶ ƐƉĞĐŝĨŝĐ ƌĞŐŝŽŶƐ of the hypothalamus exist that 

convey signals of nutrient availability for appetite regulation and, therefore, serve as indices of 

nutrient status. Fasting levels of glucose, nonesterified fatty acids (NEFA), and triglycerides (TG) are 

recommended at baseline, during weight loss, and after weight loss. Glucose, NEFA, and TG are the 

ƉƌŝŵĂƌǇ ŶƵƚƌŝĞŶƚƐ ŝŶ ĐŝƌĐƵůĂƚŝŽŶ͕ ĂŶĚ Ăůů ƚŚƌĞĞ ƌĞƐƉŽŶĚ ƚŽ ĐĂůŽƌŝĞͲƌĞƐƚƌŝĐƚĞĚ ǁĞŝŐŚƚ ůŽƐƐ 1. TG are also 

thought to affect the sensitivity of the brain to peripheral hormones through their effects on blood 

ďƌĂŝŶ ďĂƌƌŝĞƌ ƚƌĂŶƐƉŽƌƚ͘ TŚĞƐĞ ŵĞƚĂďŽůŝƚĞƐ ĐŽŶƐŝƐƚĞŶƚůǇ ĐŚĂŶŐĞ ǁŝƚŚ ĚŝĞƚͲŝŶĚƵĐĞĚ ǁĞŝŐŚƚ ůŽƐƐ ŝŶ Ă 
manner that could elevate appetite 1, and the assays are relatively inexpensive and commonly used 

in clinical research. As with the gut peptides, the measuring postprandial responses of these 

molecules is not feasible in all studies. For these reasons, acquiring postprandial responses in 

glucose, NEFA, and TG is suggested only when resources are available.  

Metabolic function 

Metabolic (anabolic and catabolic) function, insulin sensitivity, and glucose control (recommended) 

could serve as mediators or moderators of treatment responses and have been shown to influence 
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ƉĂƚƚĞƌŶƐ ŽĨ ǁĞŝŐŚƚ ůŽƐƐ ĂŶĚ ǁĞŝŐŚƚͲůŽƐƐ ŵĂŝŶƚĞŶĂŶĐĞ 71, 86. Some studies have suggested that diet 

macronutrient content mĂǇ ŝŶĨůƵĞŶĐĞ ǁĞŝŐŚƚͲůŽƐƐ ŝŶƚĞƌǀĞŶƚŝŽŶ ĞĨĨŝĐĂĐǇ ĂĐĐŽƌĚŝŶŐ ƚŽ ƚŚĞ ůĞǀĞů ŽĨ 
insulin sensitivity 87. The group recommends that fasting levels of insulin, glucagon, and 

glycosylated hemoglobin (HbA1c) be measured before, during, and after weight loss. Along with the 

metabolite data, these measures can be utilized to calculate indices of insulin sensitivity and 

secretion (homeostatic model assessment of insulin resistance and homeostatic model assessment 

ĨŽƌ ɴͲĐĞůů ĨƵŶĐƚŝŽŶ͖ HOMAͲIR͕ HOMAͲɴ ƌĞĐŽŵŵĞŶĚĞĚͿ 88. There was some discussion that an oral 

glucose tolerance test should also be included to provide a more accurate assessment of glucose 

control. However, there was insufficient evidence that the oral glucose tolerance test would provide 

sufficient added value over the other surrogate biomarkers of metabolic function for ǁĞŝŐŚƚͲůŽƐƐ 
outcomes, and it is suggested only when resources are available. There are more invasive measures 

ŽĨ ŝŶƐƵůŝŶ ƐĞĐƌĞƚŝŽŶ ĂŶĚ ƐĞŶƐŝƚŝǀŝƚǇ ;ŚǇƉĞƌŝŶƐƵůŝŶĞŵŝĐͲĞƵŐůǇĐĞŵŝĐ ĐůĂŵƉ͕ ŝŶƚƌĂǀĞŶŽƵƐ ŐůƵĐŽƐĞ 
tolerance test, etc.) and more comprehensive measures of key aspects of metabolic flexibility, but 

ƚŚĞƐĞ ƚĞƐƚƐ ĂƌĞ ŶŽƚ ĨĞĂƐŝďůĞ ĨŽƌ Ăůů ůĂƌŐĞͲƐĐĂůĞ ĐůŝŶŝĐĂů ǁĞŝŐŚƚͲůŽƐƐ ƚƌŝĂůƐ͘  

Inflammation 

WĞ ĂůƐŽ ƌĞĐŽŵŵĞŶĚ ĂƐƐĞƐƐŵĞŶƚ ŽĨ ƚŚĞ ŝŶĨůĂŵŵĂƚŽƌǇ ŵĂƌŬĞƌƐ ƚƵŵŽƌ ŶĞĐƌŽƐŝƐ ĨĂĐƚŽƌͲĂůƉŚĂ͕ CͲ
reactive protein, and interleuŬŝŶ ϲ ;ILͲϲͿ ŝŶ ƚŚĞ ĨĂƐƚĞĚ ƐƚĂƚĞ ďĞĨŽƌĞ͕ ĚƵƌŝŶŐ͕ ĂŶĚ ĂĨƚĞƌ ǁĞŝŐŚƚ ůŽƐƐ͘ 
These inflammatory factors could mediate or moderate the impact of metabolic dysfunction on 

ƚƌĞĂƚŵĞŶƚ ŽƵƚĐŽŵĞƐ͘ TƵŵŽƌ ŶĞĐƌŽƐŝƐ ĨĂĐƚŽƌͲĂůƉŚĂ ŝƐ Ă ƚƌƵĞ ĂĚŝƉŽŬŝŶĞ ĂŶĚ ŝƐ ĞůĞǀĂƚĞĚ ŝŶ ŽďĞƐŝty 89. 

CͲƌĞĂĐƚŝǀĞ ƉƌŽƚĞŝŶ ŝƐ ŵĂĚĞ ŝŶ ƚŚĞ ůŝǀĞƌ͕ ůĂƌŐĞůǇ ŝŶ ƌĞƐƉŽŶƐĞ ƚŽ ILͲϲ͕ ǁŚŝĐŚ ŝƐ ƉƌŽĚƵĐĞĚ ŝŶ ůŝǀĞƌ ĂŶĚ 
skeletal muscle. These molecules represent three different sources of inflammatory markers and are 

all associated with the subsequent risk for type 2 diabetes 90 and cardiovascular disease 91. By using 

network modeling that combined biological, gut microbiota, and environmental factors relevant to 

ǁĞŝŐŚƚ ƚƌĂũĞĐƚŽƌŝĞƐ͕ ďĂƐĞůŝŶĞ ůĞǀĞůƐ ŽĨ ILͲϲ ĂŶĚ ƉůĂƐŵĂ ŝŶƐƵůŝŶ ŵŽƐt accurately classified individuals 

who did or did not lose weight and maintain weight loss 92. The global inflammatory status could be 

assessed by larger panels, but these biomarkers should be sufficient at present to examine the 

strength of the link between inflammation and treatment outcomes.  

Biobanking Tissues 

The molecular mechanisms underlying the physiological opposition to weight loss and reduced 

weighƚ ŵĂŝŶƚĞŶĂŶĐĞ ;ϮͿ͕ ĂŶĚ ƚŚĞ ƉŽƐƐŝďŝůŝƚǇ ƚŚĂƚ ƚŚĞǇ ŵŝŵŝĐ ƚŚĞ ͞ƉƌĞŽďĞƐŝƚǇ͟ ƐƚĂƚĞ ŝŶ ǁŚŝĐŚ 
ƐŽŵĞŽŶĞ ŝƐ ŐĞŶĞƚŝĐĂůůǇ ĂŶĚ ƉŚǇƐŝŽůŽŐŝĐĂůůǇ ͞Ăƚ ƌŝƐŬ͟ ĨŽƌ ǁĞŝŐŚƚ ŐĂŝŶ͕ ŚĂǀĞ ŶŽƚ ďĞĞŶ ĐŽŵƉƌĞŚĞŶƐŝǀĞůǇ 
ĞůƵĐŝĚĂƚĞĚ͘ A ƵŶŝĨŽƌŵ ŵĞƚŚŽĚŽůŽŐǇ ĂĐƌŽƐƐ ǁĞŝŐŚƚͲůŽƐƐ ƐƚƵĚŝĞƐ ĨŽƌ ĐŽůůecting and storing biological 

samples to measure RNA and DNA from cells in the blood as well as exosomal and free RNAs would 

provide a valuable resource for interrogating the molecular underpinnings of weight gain, weight 

loss, and weight regain. For reasons discussed below, biobanking of whole blood and its components 

(plasma, serum, etc.) with appropriate stabilization (e.g., protease inhibitors) is recommended as the 

best balance of feasibility, cost, participant burden, expertise and/or equipment needed to collect 

ĂŶĚ ƉƌŽĐĞƐƐ ƚŚĞ ƐĂŵƉůĞƐ͕ ĂŶĚ ƌĞůĞǀĂŶĐĞ ƚŽ ǁĞŝŐŚƚͲůŽƐƐ ƉŚǇƐŝŽůŽŐǇ͘  

Whole Blood 

Though many different kinds of bodily fluids and tissues can be collected with varying degrees of 

difficulty, expense, and value (Figure 1), whole blood gives the greatest advantages for ease and the 

potential amount of relevant information it can provide. Though sample collection is invasive and 

can be challenging for individuals with obesity, participant burden and the need for expertise to 

collect whole blood samples is offset by the ability to use samples to interrogate circulating proteins, 
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metabolites, and noncoding RNAs, which have been identified as relevant to energy homeostasis or 

which may one day be identified. In addition, both red and white cells can be used to examine 

cellular processes related to a host of outcomes, including glycosylation, immune response, and 

metabolism.  

 

Figure 1 

Open in figure viewerPowerPoint  

Review of selection criteria for different tissues that could be biobanked. Whole blood is clearly the 

best fit for these criteria, though other tissues should not be eliminated if available depending upon 

their relevance to the specific study. Collection costs include creation of sample aliquots; measured 

markers include metabolites, nucleotides, and proteins.  

Caption 

Review of selection criteria for different tissues that could be biobanked. Whole blood is clearly the 

best fit for these criteria, though other tissues should not be eliminated if available depending upon 

their relevance to the specific study. Collection costs include creation of sample aliquots; measured 

markers include metabolites, nucleotides, and proteins.  

Functional Analysis/Genetic Screening 

In addition to the assessment of the biomarkers described above, both RNA and DNA can be 

extracted from whole blood for a global assessment of genomic variation, gene expression, and 

epigenetic modification to ultimately allow a uniform characterization of the contribution of genes 
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ĂĐƌŽƐƐ ǁĞŝŐŚƚͲůŽƐƐ ƐƚƵĚŝĞƐ͘ TŚŝƐ ŐĞŶĞƚŝĐ ƐĐƌĞĞŶŝŶŐ ǁŽƵůĚ ĐŽŵƉƌŝƐĞ Ă ƉŽǁĞƌĨƵů ƌĞƐŽƵƌĐĞ ĨŽƌ 
understanding the genetic and epigenetic molecular underpinnings of variability in weight loss. This 

type of screening is suggested at present because of resource limitations, but, as its feasibility and 

cost becomes more reasonable, we fully expect that it will become a recommended assessment. The 

biobanking recommendation of whole blood will ensure that tissues will be available to pursue 

future genetic studies, even if resources are not immediately available. Sequence variations in 

ŵƵůƚŝƉůĞ ŐĞŶĞƐ ŚĂǀĞ ďĞĞŶ ƚŝĞĚ ƚŽ ĞŶĞƌŐǇ ďĂůĂŶĐĞ ĂŶĚ ƚƌĞĂƚŵĞŶƚ ŽƵƚĐŽŵĞƐ ŝŶ ǁĞŝŐŚƚͲůŽƐƐ ƐƚƵĚŝĞƐ͕ 
which could serve to focus the analysis. These genes include BDNF, DRB3, FTO, GNPDA2, LYPLA, 

MC4R, MTCH2, and MTIF3͕ ǁŚŝůĞ ŽƚŚĞƌ ůĞƐƐͲƐƚƵĚŝĞĚ ŐĞŶĞƐ ;NEGR1, PLIN, and RANK, LEP and LEPR) 

may also provide relevant information about the variability in treatment response. Studies 

demonstrating significant intrapair correlations (rരсരϬ͘ϳϱͲϬ͘ϴϱͿ ŝŶ ƌĞƐƉŽŶƐĞ ƚŽ ǁĞŝŐŚƚͲůŽƐƐ 
interventions among identical twins 93 ĂŶĚ ŐĞŶĞƚŝĐ ƉƌĞĚŝĐƚŽƌƐ ŽĨ ǁĞŝŐŚƚͲůŽƐƐ ƌĞƐƉŽŶƐĞ ƚŽ ǀĂƌŝŽƵƐ 
interventions in large clinical trials 94, 95 suggest that different singlĞͲŶƵĐůĞŽƚŝĚĞ ƉŽůǇŵŽƌƉŚŝƐŵƐ 
(SNPs) may be predictive of the magnitude of weight loss versus regain depending upon the nature 

ŽĨ ƚŚĞ ŝŶƚĞƌǀĞŶƚŝŽŶ ĂŶĚ ƐƵďũĞĐƚ ƉŽƉƵůĂƚŝŽŶ͘ IŶ ƚŚĞ ĨƵƚƵƌĞ͕ ƚŚĞ ƵƐĞ ŽĨ ĂƌƌĂǇͲďĂƐĞĚ ĐŚŝƉƐ ǁŝƚŚ ŚŝŐŚůǇ 
informative dense SNP content, iŶĐůƵĚŝŶŐ ŐĞŶŽŵĞͲǁŝĚĞ ƚĂŐ “NPƐ ĨŽƵŶĚ ĂĐƌŽƐƐ ĚŝǀĞƌƐĞ ǁŽƌůĚ 
ƉŽƉƵůĂƚŝŽŶƐ ĂŶĚ ĐƵƐƚŽŵŝǌĂďůĞ ŵĂƌŬĞƌƐ ĨŽƌ ƵƐĞ ŝŶ ůĂƌŐĞ ǁĞŝŐŚƚͲůŽƐƐ ƐƚƵĚŝĞƐ͕ ĐĂŶ ďĞ ƵƐĞĚ ĂƐ Ă ĐŽƐƚͲ
ĞĨĨĞĐƚŝǀĞ ŵĞĂŶƐ ŽĨ ĐƌĞĂƚŝŶŐ Ă ǁĞůůͲƉŽǁĞƌĞĚ ĐŽŚŽƌƚ ŽĨ ŝŶĚŝǀŝĚƵĂůƐ ŝŶ ǁŚŝĐŚ ƚŚĞ ŐĞŶĞƚŝĐ ƵŶĚĞƌƉŝŶŶŝŶŐƐ 
of weight loss can be examined for multiple traits and outcomes.  

Other Tissue Considerations 

Biobanking of other tissues is also suggested depending upon resource availability. Buccal (cheek) 

cells (suggested) are easy and inexpensive to collect via cytobrushes, which involves simply swabbing 

the cheeks and gutters of the mouth to collect sloughed cells. Both DNA and RNA can be extracted 

from buccal cells 96, though there is a limited range and relevance of markers that can be measured 

96. Similar limitations are inherent in the use of saliva samples (suggested). Urine and stool samples 

(suggested) are relatively easy and inexpensive to obtain, though the relevance of urinary 

biomarkers to weight loss may be limited. Stool 97 can be used to examine the gut microbiome, gut 

absorption, and markers of metabolism. Although transplantation of the microbiome from obese or 

ůĞĂŶ ŵŝĐĞ Žƌ ŚƵŵĂŶƐ ƚŽ ŐŶŽƚŽďŝŽƚŝĐ ;ŐĞƌŵͲĨƌĞĞ ŵŝĐĞͿ ĐůĞĂƌůǇ ĂĨĨĞĐƚƐ ƐŽŵĂƚŽƚǇƉĞ͕ ƚŚĞ ƌŽůĞ ŽĨ ƚŚĞ 
microbiome as a cause or potential therapeutic target in human obesity is not clearly established 98. 

Current research in the NIH Human Microbiome Project (HMP) 99 directly addresses these issues, 

and investigators are suggested to contact the NIH directly for microbiome banking information.  

Tissue biopsies allow for the unbiased genomic, epigenetic, and proteomic interrogation of key 

metabolic tissues (skeletal muscle, adipose) involved in the regulation of energy balance. Because of 

the burdens placed on subjects and investigators, the collection of specific tissue biopsies is 

suggested for studies with specific objectives directed at elucidating molecular mechanisms or 

generating the evidence as to how these tissues could serve as mediators or moderators of 

treatment outcomes.  

Conclusions 

The ADOPT biological domain subgroup was tasked with identifying feasible measures of biological 

constructs (body composition, energy homeostasis, brain structure and function, blood biomarkers, 

and biobanking tissues) that, when used consistently in weighƚͲůŽƐƐ ƚƌŝĂůƐ͕ ĐŽƵůĚ ƐĞƌǀĞ ƚŽ ĞǆƉůĂŝŶ ƚŚĞ 
ǀĂƌŝĂďŝůŝƚǇ ŝŶ ƚƌĞĂƚŵĞŶƚ ŽƵƚĐŽŵĞƐ ĂŶĚ ůĂǇ ƚŚĞ ĨŽƵŶĚĂƚŝŽŶ ĨŽƌ ŐĞŶĞƚŝĐͲ͕ ĞƉŝŐĞŶĞƚŝĐͲ͕ ĂŶĚ ŐĞŶŽŵŝĐͲ
based analyses. Selections (Table 1) were made with the underlying goal of maximizing the potential 

to address knowledge gaps in obesity treatment in conjunction with the other ADOPT domains. It is 

https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0093
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0094
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0095
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0096
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0096
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0097
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0098
https://onlinelibrary.wiley.com/doi/full/10.1002/oby.22156#oby22156-bib-0099


the intent of the ADOPT project that these recommendations and suggestions as well as the GEM 

website will be updated as new information becomes available.  

It should be emphasŝǌĞĚ ƚŚĂƚ ƚŚĞ ƌĞĐŽŵŵĞŶĚĞĚ ŵĞĂƐƵƌĞƐ ĂƌĞ ŶŽƚ ĂůǁĂǇƐ ƚŚĞ ͞ŐŽůĚ ƐƚĂŶĚĂƌĚ͕͟ ďƵƚ 
they are the ones that are most feasible across numerous different study sizes and population. 

When integrated across studies and with the other ADOPT domains, the recommended measures 

will facilitate the development of a large comprehensive database that could be mined to evaluate, 

propose, and implement current and future obesity treatments with maximal efficacy. The 

recommended and suggested measures are intended to augment weightͲůŽƐƐ ŝŶƚĞƌǀĞŶƚŝŽŶ ƐƚƵĚŝĞƐ 
rather than replace planned measures.  

The strengths and weaknesses of the ADOPT biological domain are closely intertwined. The main 

strength is the practicality of the measures that can be implemented in most, if not all, studies going 

forward at little additional expense and inconvenience to investigators and participants. An 

additional strength is the intentional malleability of the ADOPT recommendations and suggestions. 

Regular modifications of the ADOPT domain manuscripts are anticipated based on new data and 

techniques that become available and on input from the scientific community through the GEM 

website. The weaknesses of the recommended and suggested measures are that, to achieve 

necessary fiscal and feasibility goals, numerous more sensitive or specific measures are not included. 

To address these issues, we would encourage biobanking of serum, plasma, and buffy coats on as 

many participants as possible in anticipation of the decreasing costs and increasing understanding of 

relevant future assays.  
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