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Introduction

GENERAl INTROduCTION

Aging and CKd

Worldwide, the population has aged markedly in the last decades and this process 
is expected to continue. At this point, 25% of the population in Europe is 60 years or 
older, and that proportion is projected to reach 35% in 2050 and to remain stable in the 
remainder of the century. 1 The other side of the coin is that the aging population has a 
high prevalence of comorbidities, because chronic and degenerative diseases are more 
common at older age. 

In this respect chronic kidney disease is a comorbidity of growing concern, since in 
older adults the prevalence of advanced stage chronic kidney disease has increased in 
the last decades, 2 as well as the incidence of initiation of dialysis therapy. 3, 4 In the 
Netherlands, the number of patients aged 65 years and older receiving dialysis therapy 
has increased from 2084 in 2001 to more than 4000 individuals in 2016. 5 Furthermore, 
37% of all dialysis patients nowadays is 75 years or older. As a result, the advanced 
chronic kidney disease population has become largely a geriatric population. According 
the Oxford Dictionary, the definition of geriatric is ‘relating to old people, especially with 
regard to their healthcare’. 6 However, absolute age is not the only criterion to define a 
population as geriatric. Chronic kidney disease is also considered a model of accelerated 
aging. 7 More specifically, features of accelerated aging in chronic kidney disease include 
bone disease, vascular disease, arterial stiffness, chronic inflammation and oxidative 
stress. 8-10 These chronic kidney disease induced changes may result in a downward 
spiral of loss of muscle mass and function, functional decline and an accelerated loss 
of independence. 11, 12 As a result of aging and the aging-accelerating effects of chronic 
kidney disease, geriatric syndromes such as frailty, falls, sarcopenia, and cognitive im-
pairment are common in the advanced chronic kidney disease population. 

The initiation of dialysis treatment might accelerate cognitive and functional decline 
(Figure 1). 13, 14 Patients who require skilled nursing facilities after dialysis initiation seem 
especially vulnerable to functional decline and early mortality. A study in these patients 
showed that 39% died within 6 months after dialysis initiation. Among those who sur-
vived the first six months of dialysis, a higher number of geriatric conditions, or so-called 
“non-disease specific problems” including cognitive impairment, depressive symptoms, 
exhaustion, falls, impaired mobility, and polypharmacy, was associated with a higher 
likelihood of functional impairment or transition to long-term care, and with a higher 
mortality risk. 15 Furthermore, for a substantial proportion of patients the initiation of 
dialysis therapy will also have a negative effect on their degree of independence. 16 
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Figure 1  Trajectory of functional status before and after the initiation of dialysis and cumulative mortality 
rate. Among United States nursing home residents with end-stage renal disease, the initiation of dialysis 
is associated with a steep decline in functional status. The dashed vertical line indicates the initiation of 
dialysis in a hypothetical 75-year-old person. MDS–ADL: Minimum Data Set–Activities of Daily Living.  13 

Deteriorating cognitive function and the development of cognitive impairment in ad-
vanced chronic kidney disease patients has implications for their care and management. 
Cognitive impairment is associated with greater utilization of healthcare resources and 
decreased quality of life, and with poor outcomes including increased risk of disability, 
hospitalization, withdrawal from dialysis and death. 17, 18 It might also have a major 
impact on the adherence to medication and dietary prescription. Besides, cognitive 
dysfunction likely aff ects decisional capacity, which is a crucial consideration when the 
end-stage renal disease approaches and patients face choices regarding renal replace-
ment therapy and treatment modalities. Therefore, assessment of cognitive function 
prior to deciding whether or not to start renal replacement therapy and to choose the 
optimal dialysis modality is necessary. In addition, follow-up on cognitive functioning 
after initiation of dialysis is warranted. 
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Where Geriatrics and Nephrology meet

The term geriatrics is derived from the Greek γερων, meaning “old man”, and ’ιατρος 
meaning “healer”. Geriatricians are dedicated to treating the aging patient and focus 
on achieving the patient’s highest priorities in a context of multiple chronic conditions, 
and on preserving function. Geriatric medicine encompasses a holistic approach to the 
patient, and evaluates the physical, cognitive, affective, and social components that 
influence an older adult’s health. The term nephrology is derived from the Greek νεφρος 
meaning “kidney”, and -λογια meaning “the science or study of”. Nephrologists focus 
on the physiology and diseases of the kidneys, ranging from hypertension, electrolyte 
disturbances, to acute or chronic kidney injury and all forms of renal replacement 
therapy. Due to aging of the chronic kidney disease population, nephrologists increas-
ingly have to make complex treatment decisions in older patients with comorbidities 
and functional and cognitive impairment. Therefore, nephrologists increasingly need to 
understand the unique issues of caring for an aging population. This is where geriatrics 
meets nephrology, and where merging the expertise of both specialties will be of added 
value to the patient. Providing adequate treatment for patients with advanced chronic 
kidney disease and geriatric syndromes requires unraveling the complex underlying 
mechanisms and processes. 19, 20 Sometimes it is difficult to discern whether problems 
and changes are age-related, disease-related, treatment-related, or are a combination of 
these factors, e.g. in older patients metabolic bone disease is complicated by age-related 
osteoporosis, and underweight might be the result of anorexia of aging, malnutrition, 
and, or protein energy wasting. 

The term ‘geriatric syndrome’ is used to capture those clinical conditions in older 
persons that do not fit into one specific disease category. Geriatric syndromes have a 
substantial effect on quality of life and disability, and multiple risk factors and multiple 
organ systems are often involved. Geriatric syndromes often relate to Muscle (e.g. frailty 
and sarcopenia), to Mobility (e.g. falls), and/or to the Mind (e.g. delirium and cognitive 
impairment). Indeed, this thesis focuses on the three M’s, in patients with advanced 
chronic kidney disease. 

PART I - MuSClE 

Effects of aging and chronic kidney disease on muscle 

Both aging and chronic kidney disease have deteriorating effects on muscle. First, 
muscle inevitably undergoes remarkable changes with aging, characterized by a pro-
gressive loss of muscle mass from approximately 40 years of age onwards. Longitudinal 
studies showed muscle mass loss rates of 0.6–0.7% and 0.8-1.0% per year in 75 years 
and older aged women and men, respectively.  21 The loss of muscle strength with ag-
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ing occurs even at a 2-5 times faster rate than the loss of muscle mass. 22, 23 Notably, 
during periods of physical inactivity and immobilization, loss of skeletal muscle mass is 
substantially accelerated to 1 kg loss of muscle mass in 10 days, and accompanied by a 
major decline in strength of 0.3 to 4.2% per day. 24-27 Second, chronic kidney disease also 
have negative effects on muscle mass and strength. As a consequence, muscle wast-
ing forms a hallmark in patients with chronic kidney disease. 28 Mechanisms that may 
predispose chronic kidney disease patients to loss of muscle mass include changes in 
amino acid and lipid metabolism, reduced physical activity, reduced food intake, endo-
crine dysfunction, defective myocyte regeneration, and upregulation of myostatin and 
inflammation in skeletal muscle. 29, 30 Third, the complications of chronic kidney disease 
(e.g., metabolic acidosis), and its therapies (e.g., dialysis) all contribute to the loss of 
skeletal muscle mass. 31, 32 Loss of muscle mass is also a criterion for the presence of 
protein energy wasting, referring to the losses of protein and energy stores in patients 
with chronic kidney disease. 

Besides loss of muscle mass, loss of muscle strength is a prevalent condition in chronic 
kidney disease as well. Loss of muscle strength is not solely dependent upon muscle 
wasting, but also on alterations in contractile quality, neural activation, and systemic 
inflammation. 33-36 Differences within the muscle of dialysis patients as compared to con-
trols were already shown in hemodialysis patients with a mean age of 55 year. Hemodi-
alysis patients had more non-contractile tissue in the muscle than controls, although the 
cross-sectional area of the muscle compartment in the lower leg was not significantly 
different. 37 Furthermore, hemodialysis patients demonstrated greater muscle fatigue 
as compared to controls, despite the performance of less work by about one-half of the 
dialysis subjects. 38 Among the consequences of accelerated muscle mass and muscle 
strength loss in chronic kidney disease are falls, frailty, depression, malnutrition, worse 
quality of life, higher risk of hospitalization, and an increased mortality (Figure 2). 39-44 

low body mass index in patients initiating dialysis 

An important indicator of protein energy wasting is the presence of low body weight.  
Low body weight could indicate a low fat mass, a low muscle mass, or both. Body weight 
usually is reported as body mass index (BMI), to correct for body size. Although BMI does 
not provide precise information about body composition, BMI can be useful for assess-
ing protein energy wasting, especially in the low BMI spectrum where BMI is strongly 
correlated with lean body mass. 45 Another advantage of BMI is that it is easy to measure 
and requires no special equipment. In older adults, low BMI is a consistent predictor of 
an excess risk of mortality. 46-53 In chronic disease populations, the deleterious effect 
of low BMI on survival has extensively been documented, including in heart failure, 
chronic obstructive pulmonary disease, peripheral vascular disease, and rheumatoid 
arthritis. 54-58 Remarkably, a previous study failed to observe an association of BMI with 
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long-term mortality risk in older adult patients starting dialysis. 59 This fi nding is striking, 
as it is inconsistent with the aforementioned eff ects of low BMI, both in the general 
older adult population and in chronic disease populations. Moreover, based on clinical 
experience an absent association of low BMI with survival in older adult dialysis patients 
seems counterintuitive. Mortality and cardiovascular event rates in dialysis patients are 
especially high in the fi rst period after start of dialysis, and the eff ect of risk factors as-
sociated with mortality might therefore be diff erent for the short versus longer-term of 
follow-up. 60, 61 

CKD	

Comorbidities	

CKD	Complications	
	

	Dialysis	Treatment		

Frailty	

Sarcopenia	

Falls	

Fractures	

Physical	inactivity	

Increasing	functional		
dependence	

Impaired		
socialization	

Depression	

Hospitalization	

Declining	quality	of	life	Earlier	death	

Malnutrition/	PEW	

Figure 2  Clinical consequences of loss of muscle mass and function due to chronic kidney disease (CKD), 
CKD-associated comorbidities and inherent complications, and dialysis treatment. Clinical consequences 
will also infl uence each other negatively, e.g. a fall might lead to a fracture, increasing functional depen-
dence and decreasing quality of life. PEW: protein energy wasting. 

Measurement of muscle mass in chronic kidney disease

As body weight is a crude measure of muscle mass, other methods are available to 
estimate muscle mass more precisely. Those muscle mass measurement methods vary 
from very precise -but costly- magnetic resonance imaging (MRI) to surrogate and 
more indirect measures including anthropometry. 31 Methods that are frequently used 
in research, are dual-energy X-ray absorptiometry and bioelectrical impedance, which 
measure lean body mass, the sum of total body water, skeletal muscle mass and the fat-
free part of organs. However, important in advanced chronic kidney disease and dialysis 
patients, is that hydration status can aff ect the accuracy of those measurements. This 
is particularly important for dual-energy X-ray absorptiometry, because this method 
cannot distinguish between intracellular and extracellular (e.g. edema) fl uid. 62 Besides, 
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the estimation of lean body mass does not only include muscle mass but also connec-
tive tissue, nerves, and blood vessels. A proxy for muscle mass is creatinine synthesis 
rate and therefore skeletal muscle mass may be estimated by measuring 24h creatinine 
excretion.  

Creatinine synthesis rate and frailty 

More than 98% of creatinine is derived from muscle, where it is produced and secreted 
at a continuous rate. 63 Creatinine in serum is excreted almost exclusively in the urine. 
When serum creatinine concentration is in steady state, regardless of its serum concen-
tration, creatinine synthesis rate will equal creatinine excretion rate. Therefore, urinary 
creatinine excretion is an established marker of muscle mass in individuals in steady 
state. 63-69 Low urinary creatinine excretion has been associated with mortality in various 
populations including chronic kidney disease patients. 69-74 Yet, it is unclear why low 
creatinine excretion as a measure of muscle mass is associated with adverse health 
outcomes. An explanation of this association might be that a low creatinine excretion is 
related to frailty. Frailty is a clinical state marked by a loss of resilience and diminished 
capacity to respond to health stressors, and low muscle mass is an important compo-
nent of frailty. 75 Frailty is common in patients with advanced chronic kidney disease 
and has been associated with earlier need for dialysis initiation, lower quality of life, and 
increased mortality risk. 43, 76-82 However, whether frailty is associated with a low urinary 
creatinine excretion in advanced chronic kidney disease has not yet been studied. Fur-
thermore, reference values of urinary creatinine excretion are lacking. 

Creatinine synthesis rate and muscle function 

Creatinine synthesis rate might not only be a measure of muscle mass, but also of 
muscle function. Grip strength, as a measure of muscle function, is a well-known and 
established predictor of all-cause and cardiovascular mortality in the general and many 
other populations. 83, 84 If creatinine synthesis rate would also reflect muscle function; 
e.g. as measured by grip strength, this might partly explain the association of creatinine 
synthesis rate with mortality, since muscle function has been reported to be a stronger 
predictor of death than muscle mass.  44, 85 In mice, a strong linear correlation between 
creatinine synthesis rate and myofibrillar protein mass was reported, suggesting that 
creatinine synthesis rate might capture information on functional and metabolic active 
muscle mass. 86 So far, no study has yet evaluated the relation between creatinine syn-
thesis rate and muscle strength and physical performance. In addition, creatinine syn-
thesis rate has hardly been studied in dialysis patients. Measuring creatinine synthesis 
rate in dialysis patients requires a different method compared to non-dialysis patients. 
Estimating creatinine synthesis rate in dialysis patients requires measurement of the 
creatinine removal in the dialysate, as well as the measurement of urinary creatinine 
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excretion if the patient still produces urine. Contrary to clinical practice in peritoneal 
dialysis patients, dialysate is not routinely sampled in hemodialysis patients. Therefore, 
to accurately study creatinine synthesis rate in hemodialysis patients, the total volume 
of the dialysate needs to be collected during a hemodialysis session. 

PART II - MOBIlITy

One of the possible consequences of loss of muscle mass and muscle strength is fall 
accidents (Figure 2). Falls result in a higher need for long-term institutional care, func-
tional decline and hospitalizations. 87-90 In the Netherlands, the numbers of fall-related 
hospital admissions among older adults more than doubled between 1981 and 2008. 91 
For community-dwelling adults aged ≥ 65 years the annual fall incidence is 30%, and 
15% of them fall at least twice a year. 92-94 The elderly advanced chronic kidney disease 
population, and especially those receiving dialysis therapy form a high-risk population 
given the high prevalence of risk factors for falls, such as polypharmacy, multiple comor-
bidities including diabetes mellitus and cardiovascular disease, peripheral neuropathy, 
autonomic dysfunction, orthostatic hypotension, functional decline and cognitive 
impairment. 13, 95-99 Because of the adverse consequences of fall accidents, it is important 
to determine potential modifiable risk factors to define preventive strategies. Neverthe-
less, falls in older adult dialysis patients is a poorly studied topic. 

PART III - MINd 

Cognitive impairment and dementia in advanced chronic kidney disease 

Evidence has accumulated that the processes leading to cognitive impairment and 
dementia begin in the early stages of chronic kidney disease and that there is a strong 
relationship between impaired cognition and decreasing kidney function. 100-107 The 
brain and the kidney are frequently affected by similar, commonly present risk factors 
such as diabetes and hypertension, and the aging process profoundly affects both. The 
link between decline of both kidney and brain function seems to be mediated through 
vascular mechanisms and vascular injury (Figure 3). 108-112 In addition, inflammation 
might be implicated in the cognitive decline in patients with chronic kidney disease. 113 
Several studies even reported that the association between cognitive impairment and 
chronic kidney disease persisted after adjusting for vascular risk factors and markers of 
inflammation, thereby suggesting that other factors are also involved in the occurrence 
of cognitive impairment in chronic kidney disease. 102, 114 Besides a common shared 
(vascular) pathway, chronic kidney disease may be a potential accelerant of decline in 
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cognitive functions. At first, associated anemia, inflammation, cerebral small vessel dis-
ease, oxidative stress, and endothelial dysfunction might have a negative effect on cog-
nitive functioning. Besides, the biochemical and metabolic alterations associated with 
uremia might add to cognitive dysfunction. Studies in patient who have received kidney 
transplants and presumably corrected the metabolic derangements induced by chronic 
kidney disease showed a significant improvement in memory, psychomotor speed, and 
abstract reasoning immediately after a kidney transplant was reported, which persisted 
also after 1 year. 115, 116 A second component of cognitive impairment in chronic kidney 
disease is formed by associated comorbidities such as depression and obstructive sleep 
apnea syndrome, which are well known to affect cognitive abilities. 117-120 A third compo-
nent is that chronic kidney disease therapies itself also have side effects (i.e. medication 
side effects, hypotension and, or low oxygenation during dialysis) that might contribute 
to a decline in cognitive function. In conclusion, because the underlying mechanisms 
are highly complex and yet partly unknown, there is a need for studies that further ex-
plore the complex pathophysiology of cognitive impairment in chronic kidney disease.

Traditional	risk	factors:		
smoking,	aging,	
hypertension,	aging,		
diabetes	mellitus,	
hyperlipidemia,	
albuminuria	

Emerging	risk	factors:	
inflammation,	oxidative	
stress,	endothelial	
dysfunction			

Anemia	

Abnormal	calcium	and	
phosphate	metabolism	

Renal	
	impairment	 Cognitive		

dysfunction		

Neural	toxicity:		
uremic	toxins,	
endogenous	toxins,	
putative	neurotoxins	(e.g.	
parathyroid	hormone)		

Dialysis	
treatment	

Vascular	pathology:	
Strokes,	lacunar	
infarctions,	white	matter	
lesions,	atrophy,	
microbleeds.	

Figure 3  Potential causes of cognitive dysfunction in chronic kidney disease.

Effect of the hemodialysis procedure on the brain

There is increasing evidence that the hemodialysis procedure itself might contribute 
to brain injury. First, it was reported that stroke incidence rose in the first month of 
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hemodialysis in elderly patients and remained elevated afterward compared with the 
period before initiation of hemodialysis. 121 Second, a longer hemodialysis vintage is 
associated with reduced white matter integrity on MRI. 122-124 Finally, lowering the di-
alysate temperature resulted in an improvement in intradialytic hemodynamic stability 
and strongly attenuated the progression of white matter lesions during the first year of 
hemodialysis, providing indirect evidence that the hemodialysis procedure contributes 
to cerebral ischemia. 125 At present, the mechanism by which hemodialysis could con-
tribute to brain damage is unknown. For the heart, it has been shown that hemodialysis 
induces a fall in myocardial blood flow resulting in subclinical myocardial ischemia. 126-128 
Likewise, it can be hypothesized that a repetitive hemodialysis-induced cerebral blood 
flow decline may lead to (cumulative) ischemic brain lesions and thereby contribute to 
the accelerated cognitive decline after the initiation of hemodialysis. Although biologi-
cal plausibility and a growing body of circumstantial evidence support an ischemic ef-
fect of hemodialysis on the brain, good quality mechanistic studies on the direct effect 
of hemodialysis on cerebral blood flow are lacking. 

Cerebral oxygenation in dialysis patients

The [15O]H2O positron emission tomography (PET) scan is the gold standard to quanti-
tatively study cerebral blood flow. However, [15O]H2O PET-scanning involves radiation, 
requires an on-site cyclotron for nuclide generation, and is complicated to perform 
during a hemodialysis session. Therefore, there is a need for an alternative method that 
is easier to apply to monitor changes in cerebral perfusion during hemodialysis. 129, 130 A 
newer technique that has been proposed to monitor the adequacy of cerebral perfusion 
is near-infrared spectroscopy. Near infrared spectroscopy measures regional bifrontal 
cerebral oxygen saturation (rSO2), which is based on the difference of light absorption 
between oxygenated and deoxygenated hemoglobin. 131, 132 During hemodialysis, rela-
tive drops of more than 15% in rSO2 were associated with decreased executive cognitive 
function one year after start of hemodialysis. 133 Changes in rSO2 are commonly consid-
ered to reflect changes in cerebral blood flow, 134, 135 but whether intradialytic drops in 
rSO2 reflect simultaneous drops in cerebral blood flow is unknown. To our knowledge, 
the correlation between near infrared spectroscopy and PET has not yet been studied 
in chronic kidney disease patients or during hemodialysis. If near infrared spectroscopy 
forms a reliable noninvasive alternative to the PET-scan, this opens the door to future 
near infrared spectroscopy application for monitoring cerebral perfusion during hemo-
dialysis in large cohort studies.  
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AIM ANd OuTlINE OF THE THESIS

The population of patients with advanced chronic kidney disease is aging rapidly. 
Besides the aging process, chronic kidney disease itself is considered a model of ac-
celerated aging. As a result, patients with advanced chronic kidney disease are more 
likely to develop different kinds of health problems that are non-disease specific and 
associated with substantial morbidity and poor outcomes. Geriatric medicine defined 
these health problems as ‘geriatric syndromes’, capturing those clinical conditions in 
older persons that do not fit into discrete disease categories and have a complex mul-
tifactorial pathophysiology. Merging the expertise of geriatricians and nephrologists 
might enhance the understanding of those health problems in advanced chronic kidney 
disease. Therefore, the general aim of this thesis is to provide a geriatric perspective on 
chronic kidney disease by focusing on the three M’s. Part one of this thesis focuses on 
muscle using several observational studies. Part two addresses mobility by studying falls 
in older adult dialysis patients. Part three focuses on the mind and evaluates effects of 
the hemodialysis procedure on brain perfusion and brain tissue oxygenation.

PART I 

Low BMI often not only mirrors a low fat mass, but also a low muscle mass. Although 
being not tissue specific, the advantage of BMI is that it requires no special equipment. 
Low BMI is a consistent predictor of an excess risk of mortality in elderly patients. In 
older adult incident dialysis patients, though, no effect of low BMI on mortality was 
reported. Therefore, in Chapter 2 we perform an in-depth analysis of the association 
of BMI with mortality risk in older incident dialysis patients to investigate whether the 
effect of baseline-measured BMI on mortality risk might change during follow-up time. 
Subsequently, in Chapter 3 we study muscle in more detail using creatinine excretion, 
an acknowledged marker of muscle mass. First, we define low and normal urinary creati-
nine excretion according a healthy population. Next, we evaluate whether low urinary 
creatinine excretion is increased in subjects with chronic kidney disease, and what the 
determinants are. In addition, we investigated whether low urinary creatinine excre-
tion is associated with self-reported frailty in patients with advanced chronic kidney 
disease. Originally, the Fried frailty concept included physical measurement of handgrip 
strength. Therefore, in Chapter 4 we further investigate whether creatinine excretion 
is also associated with muscle strength, i.e. handgrip strength, and with self-reported 
physical health in a cohort of dialysis patients. For this study we not only collected urine 
but also dialysate to calculate creatinine synthesis rate as the sum of both urinary creati-
nine excretion and dialytic creatinine removal. 
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PART II 

Fall incidents are a major problem in older people and often associated with significant 
morbidity and mortality. Older adult dialysis patients might especially at risk for falls 
given the high prevalence of risk factors for falls in this population. Nevertheless, fall 
accidents are a rarely studied topic in dialysis patients. Thus, Chapter 5 addresses the 
incidence and complications of fall incidents among older adult dialysis patients. 

PART III

Hemodialysis treatment might induce ischemic brain injury, but the underlying mecha-
nisms are unclear. In Chapter 6 we study whether hemodialysis has an acute effect 
on cerebral blood flow by using [15O]H2O-PET scans. Because [15O]H2O-PET scanning 
involves radiation and is complicated to perform during hemodialysis, there is a need 
for an alternative method that is easier to apply during hemodialysis. 129 Near-infrared 
spectroscopy measures regional bifrontal cerebral oxygen saturation, and depends on 
cerebral blood flow, cerebral blood volume and blood oxygenation. In Chapter 7 we 
evaluate whether near infrared spectroscopy might be a valid alternative technique for 
detecting changes in cerebral blood flow during hemodialysis. 



Chapter 1

20

REFERENCES

 1.  World population prospects: The 2017 revision. report published by the UN department of 
economic and social affairs.  Available at www.un.org/development/desa/publications/world-
population-prospects-the-2017-revision.html. Accessed March 6, 2018.

 2.  United states renal data system: Atlas of ESRD,vol. 2, chapter 1: Incidence, prevalence, patient 
characteristics and modality. Available at: Http://www.usrds.org/2017/view/v2_01.aspx. Ac-
cessed March 22, 2018.

 3.  Kurella M, Covinsky KE, Collins AJ, Chertow GM: Octogenarians and nonagenarians starting 
dialysis in the united states. Ann Intern Med 146: 177-183, 2007

 4.  Fung E, & Kurella Tamura M: Epidemiology and public health concerns of CKD in older adults. Adv 
Chronic Kidney Dis 23: 8-11, 2016

 5.  Nefrodata. Available at www.nefrovisie.nl. Accessed March 30, 2018.
 6.  Oxford dictionary. Available at https://En.oxforddictionaries.com. Accessed at April 16, 2018.
 7.  Kooman JP, Dekker MJ, Usvyat LA, Kotanko P, van der Sande FM, Schalkwijk CG, Shiels PG, Stenvin-

kel P: Inflammation and premature aging in advanced chronic kidney disease. Am J Physiol Renal 
Physiol 313: F938-F950, 2017

 8.  Kopel T, Kaufman JS, Hamburg N, Sampalis JS, Vita JA, Dember LM: Endothelium-dependent and 
-independent vascular function in advanced chronic kidney disease. Clin J Am Soc Nephrol 12: 
1588-1594, 2017

 9.  Covic A, Vervloet M, Massy ZA, Torres PU, Goldsmith D, Brandenburg V, Mazzaferro S, Evenepoel 
P, Bover J, Apetrii M, Cozzolino M: Bone and mineral disorders in chronic kidney disease: Implica-
tions for cardiovascular health and ageing in the general population. Lancet Diabetes Endocrinol 
2017

 10.  Townsend RR, Wimmer NJ, Chirinos JA, Parsa A, Weir M, Perumal K, Lash JP, Chen J, Steigerwalt SP, 
Flack J, Go AS, Rafey M, Rahman M, Sheridan A, Gadegbeku CA, Robinson NA, Joffe M: Aortic PWV 
in chronic kidney disease: A CRIC ancillary study. Am J Hypertens 23: 282-289, 2010

 11.  Weiner DE, & Seliger SL: Cognitive and physical function in chronic kidney disease. Curr Opin 
Nephrol Hypertens 23: 291-297, 2014

 12.  Sehgal AR, Grey SF, DeOreo PB, Whitehouse PJ: Prevalence, recognition, and implications of 
mental impairment among hemodialysis patients. Am J Kidney Dis 30: 41-49, 1997

 13.  Kurella Tamura M, Covinsky KE, Chertow GM, Yaffe K, Landefeld CS, McCulloch CE: Functional 
status of elderly adults before and after initiation of dialysis. N Engl J Med 361: 1539-1547, 2009

 14.  Kurella Tamura M, Vittinghoff E, Hsu CY, Tam K, Seliger SL, Sozio S, Fischer M, Chen J, Lustigova E, 
Strauss L, Deo R, Go AS, Yaffe K, CRIC Study Investigators: Loss of executive function after dialysis 
initiation in adults with chronic kidney disease. Kidney Int 91: 948-953, 2017

 15.  Bowling CB, Plantinga L, Hall RK, Mirk A, Zhang R, Kutner N: Association of nondisease-specific 
problems with mortality, long-term care, and functional impairment among older adults who 
require skilled nursing care after dialysis initiation. Clin J Am Soc Nephrol 11: 2218-2224, 2016

 16.  Jassal SV, Chiu E, Hladunewich M: Loss of independence in patients starting dialysis at 80 years of 
age or older. N Engl J Med 361: 1612-1613, 2009

 17.  Kurella Tamura M, & Yaffe K: Dementia and cognitive impairment in ESRD: Diagnostic and thera-
peutic strategies. Kidney Int 79: 14-22, 2011

 18.  Madero M, Gul A, Sarnak MJ: Cognitive function in chronic kidney disease. Semin Dial 21: 29-37, 
2008



21

Introduction

 19.  Inouye SK, Studenski S, Tinetti ME, Kuchel GA: Geriatric syndromes: Clinical, research, and policy 
implications of a core geriatric concept. J Am Geriatr Soc 55: 780-791, 2007

 20.  Olde Rikkert MG, Rigaud AS, van Hoeyweghen RJ, de Graaf J: Geriatric syndromes: Medical misno-
mer or progress in geriatrics? Neth J Med 61: 83-87, 2003

 21.  Mitchell WK, Williams J, Atherton P, Larvin M, Lund J, Narici M: Sarcopenia, dynapenia, and the 
impact of advancing age on human skeletal muscle size and strength; a quantitative review. Front 
Physiol 3: 260, 2012

 22.  Delmonico MJ, Harris TB, Visser M, Park SW, Conroy MB, Velasquez-Mieyer P, Boudreau R, Manini 
TM, Nevitt M, Newman AB, Goodpaster BH, Health A, and Body: Longitudinal study of muscle 
strength, quality, and adipose tissue infiltration. Am J Clin Nutr 90: 1579-1585, 2009

 23.  Hughes VA, Frontera WR, Wood M, Evans WJ, Dallal GE, Roubenoff R, Fiatarone Singh MA: Longi-
tudinal muscle strength changes in older adults: Influence of muscle mass, physical activity, and 
health. J Gerontol A Biol Sci Med Sci 56: B209-17, 2001

 24.  Kortebein P, Ferrando A, Lombeida J, Wolfe R, Evans WJ: Effect of 10 days of bed rest on skeletal 
muscle in healthy older adults. Jama 297: 1772-1774, 2007

 25.  Wall BT, Dirks ML, Snijders T, Senden JM, Dolmans J, van Loon LJ: Substantial skeletal muscle loss 
occurs during only 5 days of disuse. Acta Physiol (Oxf ) 210: 600-611, 2014

 26.  Wall BT, & van Loon LJ: Nutritional strategies to attenuate muscle disuse atrophy. Nutr Rev 71: 
195-208, 2013

 27.  Wall BT, Dirks ML, van Loon LJ: Skeletal muscle atrophy during short-term disuse: Implications for 
age-related sarcopenia. Ageing Res Rev 12: 898-906, 2013

 28.  Workeneh BT, & Mitch WE: Review of muscle wasting associated with chronic kidney disease. Am 
J Clin Nutr 91: 1128S-1132S, 2010

 29.  Wang XH, & Mitch WE: Mechanisms of muscle wasting in chronic kidney disease. [Electronic ver-
sion]. Nat Rev Nephrol 10: 504-516, 2014

 30.  Garibotto G, Bonanni A, Verzola D: Effect of kidney failure and hemodialysis on protein and amino 
acid metabolism. Curr Opin Clin Nutr Metab Care 15: 78-84, 2012

 31.  Carrero JJ, Johansen KL, Lindholm B, Stenvinkel P, Cuppari L, Avesani CM: Screening for muscle 
wasting and dysfunction in patients with chronic kidney disease. Kidney Int 2016

 32.  Brezina B, Qunibi WY, Nolan CR: Acid loading during treatment with sevelamer hydrochloride: 
Mechanisms and clinical implications. Kidney Int Suppl (90):S39-45. doi: S39-45, 2004

 33.  McNeil CJ, Doherty TJ, Stashuk DW, Rice CL: Motor unit number estimates in the tibialis anterior 
muscle of young, old, and very old men. Muscle Nerve 31: 461-467, 2005

 34.  Delbono O: Expression and regulation of excitation-contraction coupling proteins in aging 
skeletal muscle. Curr Aging Sci 4: 248-259, 2011

 35.  Clark BC, & Taylor JL: Age-related changes in motor cortical properties and voluntary activation of 
skeletal muscle. Curr Aging Sci 4: 192-199, 2011

 36.  Clark BC, & Manini TM: Sarcopenia =/= dynapenia. J Gerontol A Biol Sci Med Sci 63: 829-834, 2008
 37.  Johansen KL, Shubert T, Doyle J, Soher B, Sakkas GK, Kent-Braun JA: Muscle atrophy in patients 

receiving hemodialysis: Effects on muscle strength, muscle quality, and physical function. Kidney 
Int 63: 291-297, 2003

 38.  Johansen KL, Doyle J, Sakkas GK, Kent-Braun JA: Neural and metabolic mechanisms of excessive 
muscle fatigue in maintenance hemodialysis patients. Am J Physiol Regul Integr Comp Physiol 289: 
R805-13, 2005



Chapter 1

22

 39.  Martinson M, Ikizler TA, Morrell G, Wei G, Almeida N, Marcus RL, Filipowicz R, Greene TH, Beddhu 
S: Associations of body size and body composition with functional ability and quality of life in 
hemodialysis patients. Clin J Am Soc Nephrol 9: 1082-1090, 2014

 40.  Carrero JJ, Chmielewski M, Axelsson J, Snaedal S, Heimburger O, Barany P, Suliman ME, Lindholm 
B, Stenvinkel P, Qureshi AR: Muscle atrophy, inflammation and clinical outcome in incident and 
prevalent dialysis patients. Clin Nutr 27: 557-564, 2008

 41.  Noori N, Kopple JD, Kovesdy CP, Feroze U, Sim JJ, Murali SB, Luna A, Gomez M, Luna C, Bross R, 
Nissenson AR, Kalantar-Zadeh K: Mid-arm muscle circumference and quality of life and survival in 
maintenance hemodialysis patients. Clin J Am Soc Nephrol 5: 2258-2268, 2010

 42.  Beddhu S, Pappas LM, Ramkumar N, Samore M: Effects of body size and body composition on 
survival in hemodialysis patients. [Electronic version]. J Am Soc Nephrol 14: 2366-2372, 2003

 43.  Wilhelm-Leen ER, Hall YN, K Tamura M, Chertow GM: Frailty and chronic kidney disease: The third 
national health and nutrition evaluation survey. [Electronic version]. Am J Med 122: 664-71.e2, 
2009

 44.  Isoyama N, Qureshi AR, Avesani CM, Lindholm B, Barany P, Heimburger O, Cederholm T, Stenvinkel 
P, Carrero JJ: Comparative associations of muscle mass and muscle strength with mortality in 
dialysis patients. Clin J Am Soc Nephrol 9: 1720-1728, 2014

 45.  Freedman DS, Wang J, Maynard LM, Thornton JC, Mei Z, Pierson RN, Dietz WH, Horlick M: Relation 
of BMI to fat and fat-free mass among children and adolescents. Int J Obes (Lond) 29: 1-8, 2005

 46.  Landi F, Onder G, Russo A, Liperoti R, Tosato M, Martone AM, Capoluongo E, Bernabei R: Calf 
circumference, frailty and physical performance among older adults living in the community. 
[Electronic version]. Clin Nutr 33: 539-544, 2014

 47.  Dey DK, Rothenberg E, Sundh V, Bosaeus I, Steen B: Body mass index, weight change and mortal-
ity in the elderly. A 15 y longitudinal population study of 70 y olds. Eur J Clin Nutr 55: 482-492, 
2001

 48.  Weiss A, Beloosesky Y, Boaz M, Yalov A, Kornowski R, Grossman E: Body mass index is inversely 
related to mortality in elderly subjects. J Gen Intern Med 23: 19-24, 2008

 49.  Tamakoshi A, Yatsuya H, Lin Y, Tamakoshi K, Kondo T, Suzuki S, Yagyu K, Kikuchi S, JACC Study 
Group: BMI and all-cause mortality among japanese older adults: Findings from the japan col-
laborative cohort study. Obesity (Silver Spring) 18: 362-369, 2010

 50.  Nagai M, Kuriyama S, Kakizaki M, Ohmori-Matsuda K, Sugawara Y, Sone T, Hozawa A, Tsuji I: Effect 
of age on the association between body mass index and all-cause mortality: The ohsaki cohort 
study. J Epidemiol 20: 398-407, 2010

 51.  de Hollander EL, Van Zutphen M, Bogers RP, Bemelmans WJ, De Groot LC: The impact of body 
mass index in old age on cause-specific mortality. J Nutr Health Aging 16: 100-106, 2012

 52.  Chung WS, Ho FM, Cheng NC, Lee MC, Yeh CJ: BMI and all-cause mortality among middle-aged 
and older adults in taiwan: A population-based cohort study. Public Health Nutr 18: 1839-1846, 
2015

 53.  Cheng FW, Gao X, Mitchell DC, Wood C, Still CD, Rolston D, Jensen GL: Body mass index and all-
cause mortality among older adults. Obesity (Silver Spring) 24: 2232-2239, 2016

 54.  Guo Y, Zhang T, Wang Z, Yu F, Xu Q, Guo W, Wu C, He J: Body mass index and mortality in chronic 
obstructive pulmonary disease: A dose-response meta-analysis. Medicine (Baltimore) 95: e4225, 
2016

 55.  Qin W, Liu F, Wan C: A U-shaped association of body mass index and all-cause mortality in heart 
failure patients: A dose-response meta-analysis of prospective cohort studies. Cardiovasc Ther 35: 
10.1111/1755-5922.12232, 2017



23

Introduction

 56.  England BR, Baker JF, Sayles H, Michaud K, Caplan L, Davis LA, Cannon GW, Sauer BC, Solow EB, 
Reimold AM, Kerr GS, Mikuls TR: Body mass index, weight loss, and cause-specific mortality in 
rheumatoid arthritis. Arthritis Care Res (Hoboken) 2017

 57.  Sharma A, Lavie CJ, Borer JS, Vallakati A, Goel S, Lopez-Jimenez F, Arbab-Zadeh A, Mukherjee 
D, Lazar JM: Meta-analysis of the relation of body mass index to all-cause and cardiovascular 
mortality and hospitalization in patients with chronic heart failure. Am J Cardiol 115: 1428-1434, 
2015

 58.  Golledge J, Cronin O, Iyer V, Bradshaw B, Moxon JV, Cunningham MA: Body mass index is inversely 
associated with mortality in patients with peripheral vascular disease. Atherosclerosis 229: 549-
555, 2013

 59.  Hoogeveen EK, Halbesma N, Rothman KJ, Stijnen T, van Dijk S, Dekker FW, Boeschoten EW, de 
Mutsert R, Netherlands Cooperative Study on the Adequacy of Dialysis-2 (NECOSAD) Study 
Group: Obesity and mortality risk among younger dialysis patients. Clin J Am Soc Nephrol 7: 280-
288, 2012

 60.  Chan KE, Maddux FW, Tolkoff-Rubin N, Karumanchi SA, Thadhani R, Hakim RM: Early outcomes 
among those initiating chronic dialysis in the united states. Clin J Am Soc Nephrol 6: 2642-2649, 
2011

 61.  Eckardt KU, Gillespie IA, Kronenberg F, Richards S, Stenvinkel P, Anker SD, Wheeler DC, de Fran-
cisco AL, Marcelli D, Froissart M, Floege J, ARO Steering Committee: High cardiovascular event 
rates occur within the first weeks of starting hemodialysis. Kidney Int 88: 1117-1125, 2015

 62.  Abrahamsen B, Hansen TB, Hogsberg IM, Pedersen FB, Beck-Nielsen H: Impact of hemodialysis 
on dual X-ray absorptiometry, bioelectrical impedance measurements, and anthropometry. Am J 
Clin Nutr 63: 80-86, 1996

 63.  Heymsfield SB, Arteaga C, McManus C, Smith J, Moffitt S: Measurement of muscle mass in humans: 
Validity of the 24-hour urinary creatinine method. [Electronic version]. Am J Clin Nutr 37: 478-494, 
1983

 64.  Wang ZM, Gallagher D, Nelson ME, Matthews DE, Heymsfield SB: Total-body skeletal muscle mass: 
Evaluation of 24-h urinary creatinine excretion by computerized axial tomography. [Electronic 
version]. Am J Clin Nutr 63: 863-869, 1996

 65.  Proctor DN, O’Brien PC, Atkinson EJ, Nair KS: Comparison of techniques to estimate total body 
skeletal muscle mass in people of different age groups. [Electronic version]. Am J Physiol 277: 
E489-95, 1999

 66.  Welle S, Thornton C, Totterman S, Forbes G: Utility of creatinine excretion in body-composition 
studies of healthy men and women older than 60 y. [Electronic version]. Am J Clin Nutr 63: 151-
156, 1996

 67.  Keshaviah PR, Nolph KD, Moore HL, Prowant B, Emerson PF, Meyer M, Twardowski ZJ, Khanna R, 
Ponferrada L, Collins A: Lean body mass estimation by creatinine kinetics. [Electronic version]. J 
Am Soc Nephrol 4: 1475-1485, 1994

 68.  Wyss M, & Kaddurah-Daouk R: Creatine and creatinine metabolism. [Electronic version]. Physiol 
Rev 80: 1107-1213, 2000

 69.  Wilson FP, Xie D, Anderson AH, Leonard MB, Reese PP, Delafontaine P, Horwitz E, Kallem R, 
Navaneethan S, Ojo A, Porter AC, Sondheimer JH, Sweeney HL, Townsend RR, Feldman HI, CRIC 
Study Investigators: Urinary creatinine excretion, bioelectrical impedance analysis, and clinical 
outcomes in patients with CKD: The CRIC study. [Electronic version]. Clin J Am Soc Nephrol 9: 2095-
2103, 2014



Chapter 1

24

 70.  Oterdoom LH, Gansevoort RT, Schouten JP, de Jong PE, Gans RO, Bakker SJ: Urinary creatinine 
excretion, an indirect measure of muscle mass, is an independent predictor of cardiovascular 
disease and mortality in the general population. Atherosclerosis 207: 534-540, 2009

 71.  ter Maaten JM, Damman K, Hillege HL, Bakker SJ, Anker SD, Navis G, Voors AA: Creatinine excre-
tion rate, a marker of muscle mass, is related to clinical outcome in patients with chronic systolic 
heart failure. Clin Res Cardiol 103: 976-983, 2014

 72.  Tynkevich E, Flamant M, Haymann JP, Metzger M, Thervet E, Boffa JJ, Vrtovsnik F, Houillier P, Frois-
sart M, Stengel B, NephroTest Study Group: Urinary creatinine excretion, measured glomerular 
filtration rate and CKD outcomes. Nephrol Dial Transplant 30: 1386-1394, 2015

 73.  Hsu CY, Wu YL, Cheng CY, Lee JD, Huang YC, Lee MH, Wu CY, Hsu HL, Lin YH, Huang YC, Yang HT, 
Yang JT, Lee M, Ovbiagele B: Low baseline urine creatinine excretion rate predicts poor outcomes 
among critically ill acute stroke patients. Curr Neurovasc Res 12: 47-52, 2015

 74.  Ix JH, de Boer IH, Wassel CL, Criqui MH, Shlipak MG, Whooley MA: Urinary creatinine excretion rate 
and mortality in persons with coronary artery disease: The heart and soul study. Circulation 121: 
1295-1303, 2010

 75.  Fried LP, Tangen CM, Walston J, Newman AB, Hirsch C, Gottdiener J, Seeman T, Tracy R, Kop WJ, 
Burke G, McBurnie MA, Cardiovascular Health Study Collaborative Research Group: Frailty in older 
adults: Evidence for a phenotype. [Electronic version]. J Gerontol A Biol Sci Med Sci 56: M146-56, 
2001

 76.  Dalrymple LS, Katz R, Rifkin DE, Siscovick D, Newman AB, Fried LF, Sarnak MJ, Odden MC, Shlipak 
MG: Kidney function and prevalent and incident frailty. [Electronic version]. Clin J Am Soc Nephrol 
8: 2091-2099, 2013

 77.  Reese PP, Cappola AR, Shults J, Townsend RR, Gadegbeku CA, Anderson C, Baker JF, Carlow D, 
Sulik MJ, Lo JC, Go AS, Ky B, Mariani L, Feldman HI, Leonard MB, CRIC Study Investigators: Physical 
performance and frailty in chronic kidney disease. [Electronic version]. Am J Nephrol 38: 307-315, 
2013

 78.  Roshanravan B, Khatri M, Robinson-Cohen C, Levin G, Patel KV, de Boer IH, Seliger S, Ruzinski J, 
Himmelfarb J, Kestenbaum B: A prospective study of frailty in nephrology-referred patients with 
CKD. [Electronic version]. Am J Kidney Dis 60: 912-921, 2012

 79.  Shlipak MG, Stehman-Breen C, Fried LF, Song X, Siscovick D, Fried LP, Psaty BM, Newman AB: The 
presence of frailty in elderly persons with chronic renal insufficiency. [Electronic version]. Am J 
Kidney Dis 43: 861-867, 2004

 80.  Johansen KL, Dalrymple LS, Delgado C, Kaysen GA, Kornak J, Grimes B, Chertow GM: Comparison 
of self-report-based and physical performance-based frailty definitions among patients receiving 
maintenance hemodialysis. [Electronic version]. Am J Kidney Dis 64: 600-607, 2014

 81.  McAdams-DeMarco MA, Ying H, Olorundare I, King EA, Desai N, Dagher N, Lonze B, Montgomery 
R, Walston J, Segev DL: Frailty and health-related quality of life in end stage renal disease patients 
of all ages. J Frailty Aging 5: 174-179, 2016

 82.  Chowdhury R, Peel NM, Krosch M, Hubbard RE: Frailty and chronic kidney disease: A systematic 
review. Arch Gerontol Geriatr 68: 135-142, 2017

 83.  Rijk JM, Roos PR, Deckx L, van den Akker M, Buntinx F: Prognostic value of handgrip strength in 
people aged 60 years and older: A systematic review and meta-analysis. Geriatr Gerontol Int 16: 
5-20, 2016

 84.  Leong DP, Teo KK, Rangarajan S, Lopez-Jaramillo P, Avezum A,Jr, Orlandini A, Seron P, Ahmed SH, 
Rosengren A, Kelishadi R, Rahman O, Swaminathan S, Iqbal R, Gupta R, Lear SA, Oguz A, Yusoff K, 
Zatonska K, Chifamba J, Igumbor E, Mohan V, Anjana RM, Gu H, Li W, Yusuf S, Prospective Urban 



25

Introduction

Rural Epidemiology (PURE) Study investigators: Prognostic value of grip strength: Findings from 
the prospective urban rural epidemiology (PURE) study. Lancet 386: 266-273, 2015

 85.  Newman AB, Kupelian V, Visser M, Simonsick EM, Goodpaster BH, Kritchevsky SB, Tylavsky FA, 
Rubin SM, Harris TB: Strength, but not muscle mass, is associated with mortality in the health, 
aging and body composition study cohort. J Gerontol A Biol Sci Med Sci 61: 72-77, 2006

 86.  Murray CE, Warnes DM, Ballard FJ, Tomas FM: Creatinine excretion as an index of myofibrillar 
protein mass in dystrophic mice. Clin Sci (Lond) 61: 737-741, 1981

 87.  Tinetti ME, & Williams CS: The effect of falls and fall injuries on functioning in community-dwelling 
older persons. J Gerontol A Biol Sci Med Sci 53: M112-9, 1998

 88.  Tinetti ME, & Williams CS: Falls, injuries due to falls, and the risk of admission to a nursing home. 
N Engl J Med 337: 1279-1284, 1997

 89.  Tinetti ME, Speechley M, Ginter SF: Risk factors for falls among elderly persons living in the com-
munity. N Engl J Med 319: 1701-1707, 1988

 90.  Sattin RW, Lambert Huber DA, DeVito CA, Rodriguez JG, Ros A, Bacchelli S, Stevens JA, Waxweiler 
RJ: The incidence of fall injury events among the elderly in a defined population. Am J Epidemiol 
131: 1028-1037, 1990

 91.  Hartholt KA, van der Velde N, Looman CW, van Lieshout EM, Panneman MJ, van Beeck EF, Patka P, 
van der Cammen TJ: Trends in fall-related hospital admissions in older persons in the netherlands. 
Arch Intern Med 170: 905-911, 2010

 92.  Tromp AM, Smit JH, Deeg DJ, Bouter LM, Lips P: Predictors for falls and fractures in the longitudi-
nal aging study amsterdam. J Bone Miner Res 13: 1932-1939, 1998

 93.  Nevitt MC, Cummings SR, Kidd S, Black D: Risk factors for recurrent nonsyncopal falls. A prospec-
tive study. Jama 261: 2663-2668, 1989

 94.  Nevitt MC, Cummings SR, Hudes ES: Risk factors for injurious falls: A prospective study. J Gerontol 
46: M164-70, 1991

 95.  Nowicki M, Zwiech R, Dryja P, Sobanski W: Autonomic neuropathy in hemodialysis patients: 
Questionnaires versus clinical tests. Clin Exp Nephrol 13: 152-155, 2009

 96.  Jassal SV, Douglas JF, Stout RW: Prevalence of central autonomic neuropathy in elderly dialysis 
patients. Nephrol Dial Transplant 13: 1702-1708, 1998

 97.  Etgen T, Chonchol M, Forstl H, Sander D: Chronic kidney disease and cognitive impairment: A 
systematic review and meta-analysis. Am J Nephrol 35: 474-482, 2012

 98.  Polner K, Szeifert L, Vamos EP, Ambrus C, Molnar MZ, Ladanyi E, Kiss I, Kiss E, Torok M, Kopp MS, 
Novak M, Rosivall L, Mucsi I, Turi S: Psychosocial characteristics and self-reported functional status 
in patients on maintenance dialysis in hungary. Clin Nephrol 76: 455-463, 2011

 99.  Roberts RG, Kenny RA, Brierley EJ: Are elderly haemodialysis patients at risk of falls and postural 
hypotension? Int Urol Nephrol 35: 415-421, 2003

 100.  Davey A, Elias MF, Robbins MA, Seliger SL, Dore GA: Decline in renal functioning is associated 
with longitudinal decline in global cognitive functioning, abstract reasoning and verbal memory. 
Nephrol Dial Transplant 28: 1810-1819, 2013

 101.  Yaffe K, Ackerson L, Kurella Tamura M, Le Blanc P, Kusek JW, Sehgal AR, Cohen D, Anderson C, Ap-
pel L, Desalvo K, Ojo A, Seliger S, Robinson N, Makos G, Go AS, Chronic Renal Insufficiency Cohort 
Investigators: Chronic kidney disease and cognitive function in older adults: Findings from the 
chronic renal insufficiency cohort cognitive study. J Am Geriatr Soc 58: 338-345, 2010

 102.  Kurella M, Chertow GM, Fried LF, Cummings SR, Harris T, Simonsick E, Satterfield S, Ayonayon H, 
Yaffe K: Chronic kidney disease and cognitive impairment in the elderly: The health, aging, and 
body composition study. J Am Soc Nephrol 16: 2127-2133, 2005



Chapter 1

26

 103.  Buchman AS, Tanne D, Boyle PA, Shah RC, Leurgans SE, Bennett DA: Kidney function is associated 
with the rate of cognitive decline in the elderly. Neurology 73: 920-927, 2009

 104.  Darsie B, Shlipak MG, Sarnak MJ, Katz R, Fitzpatrick AL, Odden MC: Kidney function and cognitive 
health in older adults: The cardiovascular health study. Am J Epidemiol 180: 68-75, 2014

 105.  Burns CM, Knopman DS, Tupper DE, Davey CS, Slinin YM, Lakshminarayan K, Rossom RC, Pederson 
SL, Gilbertson DT, Murray AM: Prevalence and risk of severe cognitive impairment in advanced 
chronic kidney disease. J Gerontol A Biol Sci Med Sci 73: 393-399, 2018

 106.  Torres RV, Elias MF, Seliger S, Davey A, Robbins MA: Risk for cognitive impairment across 22 
measures of cognitive ability in early-stage chronic kidney disease. Nephrol Dial Transplant 32: 
299-306, 2017

 107.  Chen YC, Weng SC, Liu JS, Chuang HL, Hsu CC, Tarng DC: Severe decline of estimated glomerular 
filtration rate associates with progressive cognitive deterioration in the elderly: A community-
based cohort study. Sci Rep 7: 42690, 2017

 108.  Seliger SL, Siscovick DS, Stehman-Breen CO, Gillen DL, Fitzpatrick A, Bleyer A, Kuller LH: Moderate 
renal impairment and risk of dementia among older adults: The cardiovascular health cognition 
study. J Am Soc Nephrol 15: 1904-1911, 2004

 109.  Sedaghat S, Vernooij MW, Loehrer E, Mattace-Raso FU, Hofman A, van der Lugt A, Franco OH, 
Dehghan A, Ikram MA: Kidney function and cerebral blood flow: The rotterdam study. J Am Soc 
Nephrol 27: 715-721, 2016

 110.  Weiner DE, Scott TM, Giang LM, Agganis BT, Sorensen EP, Tighiouart H, Sarnak MJ: Cardiovascular 
disease and cognitive function in maintenance hemodialysis patients. Am J Kidney Dis 58: 773-
781, 2011

 111.  Kim ED, Meoni LA, Jaar BG, Shafi T, Linda Kao WH, Estrella MM, Parekh R, Sozio SM: Association of 
arterial stiffness and central pressure with cognitive function in incident hemodialysis patients: 
The PACE study. Kidney Int Rep 2: 1149-1159, 2017

 112.  Weiner DE, Gaussoin SA, Nord J, Auchus AP, Chelune GJ, Chonchol M, Coker L, Haley WE, Killeen 
AA, Kimmel PL, Lerner AJ, Oparil S, Saklayen MG, Slinin YM, Wright CB, Williamson JD, Kurella 
Tamura M, SPRINT Study Research Group: Cognitive function and kidney disease: Baseline data 
from the systolic blood pressure intervention trial (SPRINT). Am J Kidney Dis 70: 357-367, 2017

 113.  Kurella Tamura M, Tam K, Vittinghoff E, Raj D, Sozio SM, Rosas SE, Makos G, Lora C, He J, Go AS, 
Hsu CY, Yaffe K, CRIC Study Investigators: Inflammatory markers and risk for cognitive decline in 
chronic kidney disease: The CRIC study. Kidney Int Rep 2: 192-200, 2017

 114.  Kurella M, Chertow GM, Luan J, Yaffe K: Cognitive impairment in chronic kidney disease. J Am 
Geriatr Soc 52: 1863-1869, 2004

 115.  Harciarek M, Biedunkiewicz B, Lichodziejewska-Niemierko M, Debska-Slizien A, Rutkowski B: 
Continuous cognitive improvement 1 year following successful kidney transplant. Kidney Int 79: 
1353-1360, 2011

 116.  Griva K, Thompson D, Jayasena D, Davenport A, Harrison M, Newman SP: Cognitive functioning 
pre- to post-kidney transplantation--a prospective study. Nephrol Dial Transplant 21: 3275-3282, 
2006

 117.  Lal C, Strange C, Bachman D: Neurocognitive impairment in obstructive sleep apnea. Chest 141: 
1601-1610, 2012

 118.  Roumelioti ME, Buysse DJ, Sanders MH, Strollo P, Newman AB, Unruh ML: Sleep-disordered 
breathing and excessive daytime sleepiness in chronic kidney disease and hemodialysis. Clin J 
Am Soc Nephrol 6: 986-994, 2011



27

Introduction

 119.  Sakaguchi Y, Shoji T, Kawabata H, Niihata K, Suzuki A, Kaneko T, Okada N, Isaka Y, Rakugi H, Tsu-
bakihara Y: High prevalence of obstructive sleep apnea and its association with renal function 
among nondialysis chronic kidney disease patients in japan: A cross-sectional study. Clin J Am Soc 
Nephrol 6: 995-1000, 2011

 120.  Rock PL, Roiser JP, Riedel WJ, Blackwell AD: Cognitive impairment in depression: A systematic 
review and meta-analysis. Psychol Med 44: 2029-2040, 2014

 121.  Murray AM, Seliger S, Lakshminarayan K, Herzog CA, Solid CA: Incidence of stroke before and 
after dialysis initiation in older patients. J Am Soc Nephrol 24: 1166-1173, 2013

 122.  Zhang R, Liu K, Yang L, Zhou T, Qian S, Li B, Peng Z, Li M, Sang S, Jiang Q, Sun G: Reduced white 
matter integrity and cognitive deficits in maintenance hemodialysis ESRD patients: A diffusion-
tensor study. Eur Radiol 25: 661-668, 2015

 123.  Hsieh TJ, Chang JM, Chuang HY, Ko CH, Hsieh ML, Liu GC, Hsu JS: End-stage renal disease: In vivo 
diffusion-tensor imaging of silent white matter damage. Radiology 252: 518-525, 2009

 124.  Chou MC, Hsieh TJ, Lin YL, Hsieh YT, Li WZ, Chang JM, Ko CH, Kao EF, Jaw TS, Liu GC: Widespread 
white matter alterations in patients with end-stage renal disease: A voxelwise diffusion tensor 
imaging study. AJNR Am J Neuroradiol 34: 1945-1951, 2013

 125.  Eldehni MT, Odudu A, McIntyre CW: Randomized clinical trial of dialysate cooling and effects on 
brain white matter. J Am Soc Nephrol 26: 957-965, 2015

 126.  Dasselaar JJ, Slart RH, Knip M, Pruim J, Tio RA, McIntyre CW, de Jong PE, Franssen CF: Haemodi-
alysis is associated with a pronounced fall in myocardial perfusion. Nephrol Dial Transplant 24: 
604-610, 2009

 127.  McIntyre CW, Burton JO, Selby NM, Leccisotti L, Korsheed S, Baker CS, Camici PG: Hemodialysis-
induced cardiac dysfunction is associated with an acute reduction in global and segmental 
myocardial blood flow. Clin J Am Soc Nephrol 3: 19-26, 2008

 128.  Selby NM, Lambie SH, Camici PG, Baker CS, McIntyre CW: Occurrence of regional left ventricular 
dysfunction in patients undergoing standard and biofeedback dialysis. Am J Kidney Dis 47: 830-
841, 2006

 129.  MacEwen C, Watkinson P, Tarassenko L, Pugh C: Cerebral ischemia during hemodialysis-finding 
the signal in the noise. Semin Dial 2018

 130.  Wolfgram DF: Filtering the evidence: Is there a cognitive cost of hemodialysis? J Am Soc Nephrol 
29: 1087-1089, 2018

 131.  Terborg C, Groschel K, Petrovitch A, Ringer T, Schnaudigel S, Witte OW, Kastrup A: Noninvasive 
assessment of cerebral perfusion and oxygenation in acute ischemic stroke by near-infrared 
spectroscopy. Eur Neurol 62: 338-343, 2009

 132.  Taussky P, O’Neal B, Daugherty WP, Luke S, Thorpe D, Pooley RA, Evans C, Hanel RA, Freeman WD: 
Validation of frontal near-infrared spectroscopy as noninvasive bedside monitoring for regional 
cerebral blood flow in brain-injured patients. Neurosurg Focus 32: E2, 2012

 133.  MacEwen C, Sutherland S, Daly J, Pugh C, Tarassenko L: Relationship between hypotension and 
cerebral ischemia during hemodialysis. J Am Soc Nephrol 2017

 134.  Murkin JM, & Arango M: Near-infrared spectroscopy as an index of brain and tissue oxygenation. 
Br J Anaesth 103 Suppl 1: i3-13, 2009

 135.  Holzschuh M, Woertgen C, Metz C, Brawanski A: Comparison of changes in cerebral blood flow 
and cerebral oxygen saturation measured by near infrared spectroscopy (NIRS) after acetazol-
amide. Acta Neurochir (Wien) 139: 58-62, 1997





PART I

Muscle




	Chapter 1



