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A B S T R A C T   

Clinical frailty in the elderly is defined by a composite measure of functional psychomotor decline. Herein, we 
develop the concept of haemodynamic frailty (HDF), a state of increased predisposition to disease prevalent in the 
elderly and characterised by impairment of the network of compensatory responses governing the defence of 
circulatory volume and adaptive haemodynamic function. We review the factors predisposing the elderly to HDF, 
with a focus on the impaired capacity to sustain total body water balance. As a component of HDF, dehydration 
generates vulnerability to diseases caused by tissue hypoperfusion, including acute kidney injury. We provide a 
detailed mechanistic explanation of how dehydration and depletion of the intravascular volume impacts on renal 
blood flow to become an important element of the heightened risk of acute kidney injury (AKI) in the elderly. We 
bring these mechanistic considerations into the clinical context with reference to examples of how pre-renal 
(haemodynamic) and intrinsic (involving renal parenchymal damage) AKI risk is elevated in the setting of 
dehydration. Finally, we present HDF as a state of opportunity to prevent disease, for which diagnostic and 
interventional standards need to be refined. Further prospective studies are warranted to help clarify the clinical 
utility of assessing and managing HDF with regard to the mitigation of AKI risk in the elderly.   

1. Context 

The term “ageing society” has been coined to describe the increased 
representation of older persons in the global demographic (World pop-
ulation ageing, 2019). Currently, approximately 20 % of the EU popu-
lation is above 65 years of age, with estimates indicating that by the end 
of the century, 15 % of the EU population will be 80 years of age or older 
(Population structure and ageing, 2020). Supporting individuals to live 
not only a long, but also a healthy and productive life represents a major 
societal challenge. From a medical perspective, this encompasses a need 
for more comprehensive understanding of the role that modifiable risk 
factors play in the aetiology of acute disease in the elderly, with the 
ultimate goal of finding solutions to help mitigate these risks. 

2. Haemodynamic frailty 

Frailty, as a medical term, has become synonymous with functional 
decline in advancing years, having been operationally defined by Fried 
et al. as meeting three out of the five phenotypic criteria indicating 
compromised energetics: low grip strength, low energy, slowed walking 
speed, low physical activity, and unintentional weight loss (Fried et al., 
2001). Scores estimating frailty are based primarily on the assessment of 
psychomotor skills, such as in the 66-item Frailty Index (Mitnitski et al., 
2001), the FRAIL-NH scale (Kaehr et al., 2015) and the Canadian Study 
on Health and Aging Clinical Frailty Scale (CSHA CFS) (Artiles-Armas 
et al., 2019). 

In offering a more expanded view, taking into account physiological 
vulnerabilities, Xue (Xue, 2011) defines frailty as ‘a clinically recognizable 
state of increased vulnerability resulting from aging-associated decline in 
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reserve and function across multiple physiologic systems, such that the ability 
to cope with every day or acute stressors is compromised.’ According to this 
definition, frailty is a pre-morbid and potentially modifiable condition 
(Donatelli and Somes, 2017) placing the individual at a state of 
increased risk of disease. An expanded multi-domain assessment of 
frailty would thus entail a review of systems in each patient (e.g. car-
diovascular, excretory, respiratory, gastrointestinal, neurological), 
complemented ideally by the application of dynamic functional tests and 
the measurement of biomarkers (Partridge et al., 2018). 

Within the frame of the cardiovascular system, adaptive haemody-
namic control underpins the adequate performance of organs and tissues 
throughout the body. Defective haemodynamic regulation impairs the 
response to stressors, and confers vulnerability to a variety of diseases 
resulting from tissue hypoperfusion, including cerebrovascular and 
cognitive disorders (Liu and Zhang, 2012; Deng et al., 2018), dizziness 
(LZ, 2006; Rubenstein, 2006), stroke (Caplan et al., 2006), acute heart 
failure (Traber et al., 1993), hypovolaemic shock (Moore and Murtaugh, 
2001), gastrointestinal disorders (Kreimeier, 2000) and acute kidney 
injury (AKI) (Makris and Spanou, 2016a). We propose the term haemo-
dynamic frailty (HDF) to describe a state of increased predisposition to 
disease characterized by exhaustion or partial limitation of the haemo-
dynamic reserve and adaptive haemodynamic responses. An inability to 
modulate regional perfusion and sustain circulatory volume in response 
to challenges such as fluid restriction or excess fluid loss represents an 
important source of HDF. 

3. The propensity towards dehydration in the elderly and HDF 

The human body is composed of up to 60 % water and appropriate 
body water balance is critical for survival (Lacey et al., 2019). One-third 
of body water is found in the extracellular space and is normally 
distributed in a ratio of approximately 4:1 between the extracellular 
interstitial and vascular compartments, with plasma accounting for 
approximately 60 % (3 L) of the effective circulatory blood volume 
(Seifter and Chang, 2017). Sex differences exist, with females having a 
lower percentage of total body water (TBW) than men (Ritz et al., 2008; 
Chumlea et al., 1999). TBW relative to body weight declines with age, 
due to fat accumulation and loss of lean mass. After adjusting for total 
body fat and fat-free mass, women but not men continue to show a small, 
but significant, negative linear association of TBW with age through a 
large portion of adulthood Chumlea et al., 1999). 

At steady state, TBW is regulated by means of counterbalancing 
water gains from eating, drinking and metabolic water production, with 
both sensible (urine production, loss in faeces) and insensible (evapo-
ration from lungs during breathing and perspiration) driven water loss. 
Non-haemorrhagic TBW loss “dehydration” can be classified with 
respect to whether serum plasma sodium concentrations are respectively 
1) preserved relative to reference values (isotonic dehydration) 2) 
increased due to excess free water loss (hypertonic dehydration) or 3) 
decreased due to salt loss in excess of free water loss (hypotonic dehy-
dration). TBW balance can be compensated acutely through fluid shifts 
between the ICF, the interstitial ECF and the blood plasma with longer- 
term corrections reliant upon neurohormonal regulatory responses 
governing renal control of water and electrolyte balance and the hy-
pothalamic control of water intake. The mechanisms involved therein 
are multiple and synergistic. Hypernatremia and subsequent hypo-
volemia trigger the release of antidiuretic hormone (ADH) from the 
posterior pituitary and reduce atrial natriuretic peptide (ANP) secretion, 
resulting in decreased natriuresis and diuresis (Dos Santos Moreira et al., 
2017). Baroreceptor-mediated responses stimulate thirst, increase heart 
rate and contractility and act alongside increases in peripheral resis-
tance and salt and water retention in the kidney (Dos Santos Moreira 
et al., 2017; Kishi and Hirooka, 2013). Baroreceptor-linked neuroen-
docrine pressor responses are mediated by increases in sympathetic tone 
and activation of the renin angiotensin system. In healthy young in-
dividuals, the combined effects of these compensatory responses allow 

for rapid correction of hypovolaemic challenges of up to 10 % in 
magnitude. Further decrements diminish cardiac output due to 
decreased preload, with declines of 20 % or more resulting in reductions 
in systemic blood pressure (Kreimeier, 2000). 

A reduced capacity to adaptively engage these synergistic responses 
is a defining characteristic of HDF in the elderly meaning that for less 
marked challenge to TBW, dehydration can be more likely to ensue. 
Indeed, dehydration, is common in the aged population, with an esti-
mated prevalence of 20–30 % (Lorenzo et al., 2019). At least half of 
individuals aged 65 years or older are classed as either being actively 
dehydrated or at risk of becoming dehydrated (Population structure and 
ageing, 2020). Multiple intrinsic and extrinsic factors can perturb fluid 
balance in the elderly and underpin an overall increased risk of dehy-
dration. Anthropometric and physiological changes associated with 
ageing per se, including loss of lean mass, gain of fat mass, tapering thirst 
and decreased urinary concentrating capacity can be considered as 
intrinsic features which promote a state of chronic hypertonic dehy-
dration. Superimposition of accessory factors place the elderly at further 
risk of volume contraction with stimuli leading to isotonic dehydration 
(vomiting and/or diarrhea) and stimuli promoting hypotonic dehydra-
tion, e.g., diuretic use implicated. (Table 1). Collectively these phe-
nomena explain how challenges to the extracellular fluid volume can 
more easily arise in the elderly and ultimately translate into ensuing 
medical complications and healthcare consumption. 

Documented dehydration is associated with higher health care 
expenditure and mortality in the elderly. It is directly associated with an 
increase in hospital care, including admission to ICU and utilization of 
residency in short and long term care facilities (Frangeskou et al., 2015). 
According to US statistics, as far back as 1996, $1.36 billion was being 
spent on the treatment of hospitalized elderly patients with dehydration 
as their primary diagnosis (Kayser-Jones et al., 1999). Another report 
based on US data from 1999 estimated $1.14 billion in potential national 
saving from avoidable hospitalizations in these patients (Xiao et al., 
2004). Over twenty years later, there remains an unmet need for the 
technology and protocols that would permit precise estimation of hy-
dration status as part of routine work-up in hospitalised elderly persons 
(as well as in the general population). 

Dehydration in the elderly may be considered as a key element of 
HDF, which can go uncharted and only become decisive in the devel-
opment and progression of diseases, including AKI (Makris and Spanou, 
2016a) (Fig. 1). The ability to accurately assess hydration status and 
circulatory volume alongside blood pressure (BP) control and adaptive 
reserve would allow for qualified assessment of the degree of HDF in 
at-risk individuals. Methods to accurately estimate hydration exist, 
including assessment of serum osmolarity and impedometry. Similarly, a 
number of non-invasive methods to determine intravascular volume are 
available, such as inferior vena cava (IVC) diameter and collapsibility 
index, left ventricular end diastolic index, left ventricular outflow tract 
(LVOT) velocity time integral (VTI), and end tidal CO2 measurement. 
Yet, these technologies need to be selectively assessed, optimized and 

Table 1 
Risk factors for dehydration in the elderly.  

INTRINSIC EXTRINSIC  

• Older age and frailty  
• Requiring assistance with foods and fluids  
• Incontinence  
• Cognitive impairment/confusion  
• Unawareness on the importance of hydration  
• Impaired renal function  
• Depression  
• Decreased thirst  
• Anorexia and low muscle mass  
• Hyperglycaemia  
• Acute illness, diarrhea and vomiting  

• Inadequate staff to assist  
• Medications 
Diuretics 
Laxatives  

• Residing in long-term care  
• Excessive heat  
• Reduced access to water 

Adapted from (Lacey et al., 2019; Lorenzo et al., 2019; Ritt et al., 2017) 
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normalized for HDF estimation. 

4. Acute kidney injury in the elderly 

AKI, characterized by an abrupt decline in renal function, is 
increasing in incidence (Hoste et al., 2018). Within its recognised limi-
tations in terms of sensitivity and specificity (Moledina and Parikh, 
2018; Makris and Spanou, 2016b), the latest international consensus 
criteria [i.e., the Kidney Disease: Improving Global Outcomes (KDIGO) 

Clinical Practice Guideline] (Kellum et al., 2013) define AKI as typified 
increases in serum creatinine concentration (sCr) or reductions in uri-
nary output (or both). AKI represents a major clinical issue associated 
with high levels of morbidity and mortality (Singbartl and Kellum, 
2012). It also has significant repercussions from a healthcare economics 
perspective (Silver and Chertow, 2017). The most common acute 
sequelae of AKI are the need for dialysis and death. Longer term con-
sequences include progression to chronic kidney disease and attendant 
increases in cardiovascular risk. 

Fig. 1. Schematic depiction of the relation of dehydration and comorbidity, HDF and associated diseases triggered by environmental stressors in the elderly. Op-
portunity for precision and personalized medicine through the pre-emptive diagnosis of risk. 

Fig. 2. Schematic representation of the haemodynamics 
regulation network depicting the main homeostatic mecha-
nisms that maintain blood pressure, tissue perfusion and 
glomerular filtration during dehydration. ADH, anti-diuretic 
hormone; ANP, atrial natriuretic peptide; BR, baroreceptors; 
COX, cyclooxygenase; EPI, epinephrin; MR, mechanoreceptors; 
OS, osmoreceptors; RAAS, renin-angiotensin-aldosterone sys-
tem; SNS, sympathetic nervous system; SR, stretch receptors. 
T–GF, tubulo-glomerular feedback. Arrow-ended lines repre-
sent interactions involving activation, whereas blunt end lines 
represent inhibitions.   
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Although AKI can affect individuals of all ages, it is especially rele-
vant in the context of intensive and critical care medicine in the elderly 
(Hoste et al., 2015; Abdel-Kader and Palevsky, 2009), among whom 
mortality rates may reach 50 % or higher (Hoste et al., 2015). The 
incidence of AKI among the elderly is 3–55 fold higher (depending on 
the ages compared) than among younger individuals (Feest et al., 1993; 
Groeneveld et al., 1991; Ali et al., 2007; Pascual et al., 1990), and has 
doubled in a 10-year period (2009–2018) (Khan et al., 2017). 

Increased susceptibility to AKI in the elderly is associated with 
reduced renal function, changes in renovascular reactivity, poly-
pharmacy and comorbidities (Yokota et al., 2018) but dehydration per se 
can also be highlighted as a risk factor as will be discussed below. 

5. Aetiopathology of acute kidney injury 

Broadly speaking, AKI can be described as being pre-renal, intrinsic 
(renal) or post-renal in origin, with overlapping and discrete patho-
physiological and molecular features in each case (Desanti De Oliveira 
et al., 2019). As shown in Fig. 3a, pre-renal AKI may result from the 
reduction of net glomerular filtration pressure or renal blood flow (RBF), 
as a consequence of low perfusion pressure (i.e., low blood pressure) or 
impaired renal autoregulation. Impaired autoregulation is caused by an 
altered equilibrium in the contractile status of the afferent and efferent 
arterioles. In the absence of parenchymal injury or senescence in the 
kidney, reductions in systemic blood pressure within the normal range 

Fig. 3. a) Mechanisms of pre-renal and intrinsic AKI. b) Effect of autoregulation on the relationship between blood pressure and glomerular filtration rate. Graphical 
representation of the effect of a moderate drop in (mean) blood pressure (-ΔMBP) on glomerular filtration under normal and impaired autoregulation capacity. A, 
autoregulation. ATI, acute tubular injury. GFR, glomerular filtration rate. -ΔGFRna, GFR drop under normal autoregulation conditions. -ΔGFRia, GFR drop under 
impaired autoregulation conditions. Kf, ultrafiltration coefficient. M, myogenic response. N, nephritis. sCr, serum creatinine. Arrow-ended lines represent interactions 
involving activation, whereas blunt end lines represent inhibitions. 
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of renal autoregulation (80− 180 mmHg) do not translate into significant 
alterations in the GFR, unless a loss of adaptive adjustment of the 
afferent and efferent arteriolar tone occurs (Fig. 3b) (Prieto-García et al., 
2016a; Prieto-García et al., 2020). Intrinsic AKI (mainly in the form of 
acute tubular injury and tubulointerstitial nephritis) can activate tubu-
loglomerular feedback mechanisms that reduce GFR in the absence of 
reductions in systemic pressure (Lopez-Novoa et al., 2011). The reduc-
tion in GFR also relies on vasoactive mediators and pro-inflammatory 
cytokines released from activated tubular cells (Bonventre, 2007) 
which cause arteriolar vasoconstriction and thus a reduction in 
intra-glomerular pressure and RBF, and mesangial contraction which 
leads to a reduction of the ultrafiltration coefficient (Kf), (for review see 
(Lopez-Novoa et al., 2011)). Injury to the kidney arises along with sys-
temic effects in distal organs (Druml, 2014; Kao et al., 2019; Singbartl 
and Joannidis, 2015). Independent of cause, a reduction in GFR may 
cause azotaemia and uraemia, and eventually cardiopulmonary 
congestion arising from salt and water retention (Glassford and Bellomo, 
2017). Uraemia and azotaemia induce the dysfunction of other organs 
and may lead to death. Dehydration may be implicated in all three AKI 
sub-types but, as a component of HDF, the focus is on pre-renal and 
intrinsic AKI. 

6. Dehydration as a component of HDF predisposes the elderly 
to pre-renal AKI 

Because of multi-morbidity and physiological attrition, medication 
burden in the elderly is significant. Many drug families interact directly 
or indirectly with the components of the haemodynamic regulation 
network, thus becoming potential risk factors and stressors for haemo-
dynamically frail patients. A classic example is the instance of AKI 

precipitated by combinations of anti-hypertensive medications and non- 
steroidal anti-inflammatory drugs (NSAIDs) (Prieto-García et al., 2020, 
2016b). 

Data from the US population indicates that the prevalence of hy-
pertension increases with age: 22.4 % (within the 18–39 age range), 
54.5 % (in 40–59 year-old individuals), and 74.5 % (age 60 and over) 
(Ostchega et al., 2020). The most prescribed antihypertensive drugs 
worldwide are diuretics, angiotensin-converting enzyme inhibitors 
(ACEIs) and angiotensin receptor blockers (ARBs). In most patients, 
blood pressure (BP) control is not attained with monotherapy, and 
double and triple therapies are implemented despite concerns of 
increased side effects (MacDonald et al., 2017). In fact, the most recent 
ESC/ESH 2018 guidelines recommend starting with at least two drugs 
(ACEI or ARB plus diuretic). Meanwhile, pain, often osteoarthritic in 
nature, is common in the elderly (Abbott and Fraser, 1998). Accord-
ingly, non-steroidal anti-inflammatory drugs (NSAIDs) are very often 
administered acutely or chronically along with diuretics, ACEIs and 
ARBs, in a combination that is associated with a significant risk of AKI in 
susceptible individuals (Fig. 4). The addition of NSAIDs to antihyper-
tensive therapy alters the haemodynamic equilibrium and leads to BP 
control dysregulation and pre-renal AKI in up to 22 % of patients (Lapi 
et al., 2013), with serious health and economic consequences (Prieto--
García et al., 2016b). The AKI produced by the combination of NSAIDs, 
diuretics and ACEIs or ARBs has been termed “triple whammy AKI” 
(Prieto-García et al., 2016b; Boyd et al., 2000; Loboz and Shenfield, 
2005; Fournier et al., 2014; Camin et al., 2015). 

Clinical studies have shown that the incidence of AKI after single and 
double treatments (with these drugs) is lower than following triple 
therapy (Boyd et al., 2000; Heerdink et al., 1998; Thomas, 2000). With 
single treatments, only a few response mechanisms are inhibited, and 

Fig. 4. Schematic representation of the handicapped response 
of the haemodynamics regulation network to a volaemic 
challenge (i.e., a diuretic treatment) in the presence of ACEIs or 
ARBs and NSAIDs, where blood pressure, tissue perfusion and 
glomerular filtration may be compromised (compare with 
Fig. 2). Activated mechanisms are depicted in green, and 
inhibited mechanisms in red. Half tones indicate partial (i.e., 
suboptimal) activation or inhibition. ACEI, angiotensin con-
verting enzyme inhibitor; ANP, atrial natriuretic peptide; ARB, 
angiotensin receptor blocker; BR, baroreceptors; COX, cyclo-
oxygenase; EPI, epinephrin; MR, mechanoreceptors; OS, 
osmoreceptors; RAAS, renin-angiotensin-aldosterone system; 
SNS, sympathetic nervous system; SR, stretch receptors. T–GF, 
tubulo-glomerular feedback. Arrow-ended lines represent in-
teractions involving activation, whereas blunt end lines 
represent inhibitions.   
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compensation can still be attained by mechanisms remaining active. On 
the contrary, combinatorial therapy reduces redundancy normally 
maintained by the diversity of mechanisms that provide haemodynamic 
control, very significantly increasing the odds of BP dysregulation and 
AKI (Prieto-García et al., 2016b). AKI has been described in patients 
with chronic nephropathy treated with the triple whammy combination 
(Onuigbo and Agbasi, 2014). 

However, additional factors are needed to explain why AKI occurs 
only in a fraction of patients treated with the three drugs (Prieto-García 
et al., 2016a). Clues to the importance of hydration status come from 
pre-clinical modelling in rats in which the triple whammy regimen only 
provokes AKI in animals that are dehydrated (Prieto-García et al., 2020). 
To this end, dehydration as a feature of haemodynamic frailty becomes 
the fourth element of a “quadruple whammy”. Triple whammy AKI 
especially affects aged patients, in whom dehydration and comorbidities 
are most prevalent (as described above), and in whom the triple com-
bination of drugs is most frequently prescribed (Loboz and Shenfield, 
2005; Thomas, 2000; Lind et al., 2019). In dehydrated and hence highly 
haemodynamically frail patients, single and double therapies may also 
induce AKI, and comorbidities may substitute for the effect of drugs 
(Fig. 1). The incidence of AKI associated with NSAIDs is higher in older 

individuals (Zhang et al., 2017; Lucas et al., 2019; Turgutalp et al., 
2017), also in the context of family medicine (Faber et al., 2019), and 
rises dramatically in dehydrated children (Patzer, 2008). The incidence 
of AKI associated to ACEI use is also higher in dehydrated children with 
heart failure (Terano et al., 2016), and in older patients Turgutalp et al., 
2017). 

7. Dehydration as a component of HDF also predisposes the 
elderly to intrinsic AKI 

The elderly are also prone to intrinsic AKI (i.e., most commonly 
ischaemic and nephrotoxic AKI), due to renal attrition and accumulated 
comorbidities (Abdel-Kader and Palevsky, 2009). Older rats are also 
more sensitive to drug-induced intrinsic AKI (Ali et al., 1996; Beau-
champ et al., 1992; Provoost et al., 1985; Pezeshki et al., 2017; Tarloff 
et al., 1996) and to renal ischaemia/reperfusion injury (Kusaka et al., 
2012; Andrianova et al., 2018). Dehydration is also an independent risk 
factor for intrinsic AKI, and maintenance of a euhydrated state is a 
recognized practice for AKI prevention, including intrinsic AKI (Liu 
et al., 2019; KDIGO, 2012). In agreement, dehydration significantly 
amplifies intrinsic AKI in rats (Martinez et al., 1993; Obatomi and 

Fig. 5. a) Effect of RBF on GFR. Under normal 
conditions, net oncotic pressure does not grow 
enough to outweigh net hydrostatic pressure 
along the glomerular capillary length. However, 
when RBF is reduced, net oncotic pressure in-
creases more steeply along the glomerular 
capillary length, so that GFR ceases when both 
pressures become equal. b) Graphical depiction 
of the relationship between RBF and GFR, 
illustrating that a given RBF translates in 
increasing GFR as the initial RBF decreases. 
GFR, glomerular filtration rate. RBF, renal 
blood flow.   
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Plummer, 1993). Dehydration reduces diuresis and elimination of some 
drugs (such as aminoglycoside antibiotics), thus contributing to drug 
accumulation and nephrotoxicity (Lecompte et al., 1981; Inouye et al., 
1982), an issue which currently is receiving particular interest in the 
pathophysiology underlying the development/aggravation of 
toxin-induced chronic interstitial nephritis in agricultural communities 
(CINAC) (Vervaet et al., 2020; Johnson et al., 2019). But the kinetics of 
many drugs are not affected by hydration. Yet dehydration may sensitize 
to nephrotoxic AKI through its impact on the core physiological mech-
anisms of haemodynamic regulation and the pathophysiological mech-
anisms of intrinsic AKI. As described, dehydration triggers synergistic 
responses aimed at restoring blood volume, BP and GFR (Fig. 2) 
(Thornton, 2010). During dehydration, RBF is significantly reduced 
(Hope and Tyssebotn, 1983; Kirkebø and Tyssebotn, 1977; Wyler et al., 
1983), whereas GFR may also be moderately reduced or remain 

constant, depending on the balance of the effect on RBF, the degree of 
vasoconstriction incrementing intra-glomerular hydrostatic pressure 
(Giebisch and Windhager, 2009), and the effect of ADH and angiotensin 
(and other factors) on mesangial contraction decreasing Kf (Dworkin 
et al., 1983; Schor et al., 1981). 

Because RBF is a main and independent determinant of GFR 
(Fig. 5a), it is precisely this reduction in RBF which primes an exag-
gerated reduction in GFR by stimuli causing intrinsic AKI. This amplified 
response is the consequence of the non-linear relation between RBF and 
GFR (Fig. 5b), with a decreasing slope as RBF increases (Mullens and 
Nijst, 2016). Accordingly, a reduction in RBF caused by dehydration sets 
the equilibrium on a steeper position in the curve, implying that further 
reductions in flow caused by intrinsic AKI-inducing agents will reduce 
GFR more than at basal conditions (where the RBF-GFR relation is less 
steep) (Fig. 5b). Because of the relation of flow to the fourth power of the 

Fig. 6. a) Graphical illustration of the geo-
metric amplifier effect, which augments the 
reduction in internal radius in arteries with 
higher wall-to-lumen ratio (Ω) during contrac-
tion, to accommodate the projection of the 
constant wall mass volume towards the lumen 
around a narrower size. As arteries contract, the 
inner radius must decrease more than the outer 
radius in order to maintain wall volume con-
stant. The higher Ω, the more the inner radius 
must decrease compared to the outer radius. b) 
Illustration of the serial resistance exerted by 
the afferent and efferent arterioles. Afferent and 
efferent re, ri, w and Ω represent values at 
normal perfusion pressure. Flow is inversely 
proportional to resistance, which is the sum of 
afferent and efferent resistance. In turn, resis-
tance is inversely proportional to the fourth 
power of radius. Percentage incremental flow 
[ΔF (%)] resulting from afferent and efferent 
contraction or dilation can be calculated as a 
function of afferent and efferent re and ri, pro-
vided that P stays constant after contraction or 
dilation of afferent and afferent arterioles. Aw, 
wall area. F, flow. P, pressure. R, resistance. Ra, 
afferent resistance. Re, efferent resistance. r, 
radius. re, external (outer) radius. ri, internal 
(inner) radius. ria, afferent ri. rie, efferent ri. w, 
wall thickness. Ω, wall-to-lumen ratio (i.e., w/ 
ri).   
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Fig. 7. Exemplifying case on the effect of intrinsic AKI on RBF in normohydrated and dehydrated individuals. re, external (outer) radius. ri, internal (inner) radius.  

Fig. 8. Translation to GFR of the RBF re-
ductions produced by intrinsic AKI (as from 
Fig. 9) in normohydrated and dehydrated in-
dividuals, illustrating that the amplification ef-
fect of dehydration. Green dots show the point 
of normal renal function in the RBF-GFR rela-
tionship (i.e., the starting point for intrinsic AKI 
in normohydrated individuals). Yellow dots 
represent the conditions reset by dehydration (i. 
e., the starting point for intrinsic AKI in dehy-
drated individuals). Brown dots mark the result 
of intrinsic AKI in both conditions. GFR, 
glomerular filtration rate. RBF, renal blood 
flow.   
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radius (i.e., the Poiseuille relationship), achieving the same proportional 
reduction in flow requires a significantly larger reduction in radius from 
a more contracted than from a more dilated state. This would partially 
offset the amplification of the effect of dehydration, as AKI would act on 
more contracted arterioles in dehydrated individuals. However, as the 
vascular ‘geometric amplifier’ (Folkow, 1987, 2000) works in the 
opposite direction it will augment the reduction in the internal radius in 
arteries with a higher wall-to-lumen ratio during contraction (Fig. 6). 

Altogether, the composite effect of the RBF-GFR relation, the lumen 
size (i.e., internal radius)-RBF relation and the geometric amplifier 
derived from dehydration amplifies the effect of intrinsic AKI-inducing 
stimuli on GFR decline. This is exemplified in Figs. 7 and 8. Intrinsic 
injury is induced in kidneys during dehydration and under normal 
conditions, in which the effect of afferent and efferent tone on blood 
flow is illustrated. For the same injury (i.e., same percentage reduction 
in external radius, meaning same percentage contraction of external 
media wall cells), a further overall reduction in renal blood flow is seen 
in dehydrated kidneys, despite the specific effect of AKI on RBF being 
smaller in dehydrated animals. This smaller effect in RBF nevertheless 
causes a deeper drop in GFR, as it starts from a steeper region of the RBF- 
GFR relationship (Fig. 8). Even if the GFR is maintained during dehy-
dration, the reduction in RBF still magnifies AKI (Fig. 9). AKI magnifi-
cation increases with the intensity of dehydration or, more accurately, 
with the reduction in RBF produced by dehydration. Additionally, 
increased blood viscosity (i.e., as indicated by increased osmolarity and 
haematocrit potentially resulting from dehydration) would also amplify 
the reduction in RBF caused by a given reduction of internal radii, by a 
factor equal to the increase in viscosity. 

Combined with the effect of dehydration, the overall effect of AKI is 
significantly magnified. Intrinsic injury uncovers, leverages and accrues 
to the concurrent effect of dehydration resulting in damage amplifica-
tion. This is especially relevant from a clinical perspective, because an 
initial GFR reduction caused by dehydration may often develop unno-
ticed, unless the GFR reduction is sufficiently strong. In fact, significant 
reductions in GFR (over 50 %) are needed for serum creatinine (the 
internationally recognized standard and most frequently used 
biomarker of renal function impairment) to increase and exceed the 
normality range (Moledina and Parikh, 2018; Makris and Spanou, 
2016b; Ronco et al., 2012). Consequently, intrinsic injuries will cause a 
more severe AKI in dehydrated than in normohydrated individuals, in 

terms of GFR reductions, for the same level of parenchymal damage 
inflicted. Moreover, injuries causing no damage in normohydrated in-
dividuals might cause an overt AKI in dehydrated individuals. 

8. Loss of renal functional reserve and HDF interact to 
potentiate vulnerability to AKI 

Renal functional reserve (RFR) represents the capacity of the kidneys 
to increase GFR in response to certain physiological or pathological 
stimuli or conditions (Sharma et al., 2014; Palsson and Waikar, 2018). 
This has led to the concept that, in chronic and acute pathological states, 
RFR is recruited to maintain renal function before basal GFR begins to 
decrease (Jufar et al., 2020). In the pathological continuum, a subclin-
ical reduction of RFR precedes the decline in GFR and is considered a 
sign of established disease, and a state of vulnerability. Kidneys with 
exhausted or very limited RFR can no longer buffer additional insults 
and are thus more susceptible to AKI. A reduced RFR is a predictive 
factor for AKI risk independent of hydration status. RFR is articulated 
through afferent (and efferent) vasodilation and involves an increment 
in RBF. By affecting renal haemodynamics and autoregulation, RFR 
status is also a major element interacting with HDF to determine sus-
ceptibility to AKI (Fig. 10). Individuals with reduced RFR as a conse-
quence of age-related decline in functioning nephron number and 
impaired renovascular reactivity, such as the aged and CKD patients, are 
thus more vulnerable to HDF-inducing conditions. The capacity for RFR 
to sustain GFR is reduced in the elderly as nephrons are progressively 
lost (Sharma et al., 2014; Ciro et al., 2007; Fuiano et al., 2001). How-
ever, RFR can be relatively well preserved in aged subjects, in those that 
maintain high GFR levels (i.e., > 100 mL/min/1.73 m2) (Fliser et al., 
1993), suggesting that it is nephron loss, and not age-related mecha-
nistic wearing, the cause of RFR reduction. 

9. Perspectives 

We have highlighted how a relative inability to effectively sustain 
water balance represents a central aspect of HDF in the elderly which 
can predispose or sensitize individuals to pre-renal and intrinsic AKI. 
Accordingly, accurate assessment of hydration status would provide a 
unique window of opportunity for patient-centred precision and pre-
ventive (P4) medicine aimed at attenuating HDF (Morley and Vellas, 
2017). Pre-emptive diagnosis of risk is a tool for double edged inter-
vention. On the one hand, stressors (i.e., drugs, toxins, medical pro-
cedures, life conditions and habits, etc.) may be avoided in high-risk 
patients, in order to prevent disease. On the other hand, less frequently 
recognized but equally important, convenient stressors may be allowed 

Fig. 9. Graphical depiction of the effect of RBF reduction under normohydrated 
and dehydrated conditions with preserved GFR. A given reduction in RBF 
causes a more pronounced effect on GFR in dehydrated individuals. The green 
dot shows the point of normal renal function in the RBF-GFR relationship (i.e., 
the starting point for intrinsic AKI in normohydrated individuals). The grey dot 
represents the reset condition produced by dehydration with preserved GFR (i. 
e., the starting point for intrinsic AKI in dehydrated individuals in whom GFR is 
maintained). GFR, glomerular filtration rate. RBF, renal blood flow. The yellow 
dashed arrow represents the effect of dehydration with maintained GFR. 

Fig. 10. Interaction of haemodynamic frailty with the loss of renal functional 
reserve in the generation of predisposition to AKI. 
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with confidence in well hydrated and haemodynamically stable patients. 
These convenient stressors, such as drugs or procedures may provide 
patients with optimal handling and enhanced quality of life. Individual 
evaluation of hydration as a critical element of HDF is a direct method to 
estimate risk in a truly personalized manner, as complementary to 
scoring risk factors (i.e., comorbidities), which basically utilize 
population-based statistics. New methods and tests to easily and 
cost-effectively evaluate HDF and prospectively assess the benefits of 
doing so with regards to mitigating the risk of AKI in the elderly and 
other at-risk populations is merited. 
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