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Abstract

Children with chronic kidney disease (CKD) can have an inherent vulnerability to dehydration. Younger children are
unable to freely access water, and CKD aetiology and stage can associate with reduced kidney concentrating capac-
ity, which can also impact risk. This article aims to review the risk factors and consequences of mild dehydration and
underhydration in CKD, with a particular focus on evidence for risk of CKD progression. We discuss that assessment of
dehydration in the CKD population is more challenging than in the healthy population, thus complicating the definition
of adequate hydration and clinical research in this field. We review pathophysiologic studies that suggest mild dehydra-
tion and underhydration may cause hyperfiltration injury and impact renal function, with arginine vasopressin as a key
mediator. Randomised controlled trials in adults have not shown an impact of improved hydration in CKD outcomes,
but more vulnerable populations with baseline low fluid intake or poor kidney concentrating capacity need to be studied.
There is little published data on the frequency of dehydration, and risk of complications, acute or chronic, in children with
CKD. Despite conflicting evidence and the need for more research, we propose that paediatric CKD management should
routinely include an assessment of individual dehydration risk along with a treatment plan, and we provide a framework
that could be used in outpatient settings.
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Introduction since been undertaken aiming to clarify this relationship, and

whether an optimal hydration state can be defined.

Water intake has been encouraged in various kidney diseases, and
in 2015 hydration was a focus of World Kidney Day. At the time,
however, research had not clearly characterised the relationship
between hydration and kidney health. Additional research has
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In paediatric kidney disease, adequacy of hydration may be
especially relevant. In some scenarios this population may be
at higher risk of dehydration, for example where thirst response
or access to water is restricted in infants, or in children with
an oral aversion. Paediatric CKD patients often include those
with impaired urine concentrating capacity which can lead to
polyuria. This may increase risk of dehydration especially in the
setting of decreased oral intake, additional fluid losses such as
with concurrent gastroenteritis, or in hot weather. These issues
may become exacerbated in the era of climate change.

The primary objective of this review is to summarise the
literature on dehydration risk factors and consequences for
children with CKD, with a particular focus on the effects of
chronic mild dehydration or underhydration, and whether this
may contribute to CKD progression. To inform this review
we first provide readers with a relevant update on the physiol-
ogy of water homeostasis and clinical assessment of hydration
state. Our final objective is to provide a framework for assess-
ment of dehydration risk and optimisation of hydration state.
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Physiology of water homeostasis

Homeostatic mechanisms are constantly working to bal-
ance water intake and losses and to maintain body compart-
ment water distribution. To achieve this, plasma osmolality
(the number of dissolved particles per kg of water) is finely
balanced in the range of 285-295 mOsm/kg. Dehydration-
associated hyperosmolality is defended by thirst-triggered
water intake and arginine vasopressin (AVP)-mediated
water resorption from the urinary space. Plasma osmolality
increases of as little as 1% stimulate synthesis and secretion
of AVP from the pituitary gland [1]. Thirst responses are
classically perceived at a slightly higher osmolality thresh-
old [2]. Hypovolaemia, regardless of plasma osmolality,
independently stimulates both AVP release and thirst [2, 3].

With a normal glomerular filtration rate (GFR), our kid-
neys have evolved to conserve as much as 99% of filtered
water. Most water is reabsorbed in the proximal tubule by
osmotic drag linked to sodium transport. The key site of
regulation of water reabsorption is more distal, at the collect-
ing duct triggered by AVP action at basolateral membrane
vasopressin 2 receptor (V2R) (Fig. 1A,C). V2R activation
promotes aquaporin (AQP) 2 channel translocation to the
luminal membrane, allowing water movement through the
cell, which then exits into the interstitium via constitutively
expressed basolateral AQP3 and AQP4 channels. Ultimately,
when the osmotic gradient returns reabsorbed water to the
capillaries, plasma osmolality is reduced, and homeostasis
restored [1]. An important requirement for this process is the
osmotic pressure set up by a highly concentrated medullary
interstitium secondary to V2R-stimulated sodium and urea
reabsorption (Fig. 1A) [4]. Through these mechanisms, the
urine concentration can reach a maximum of 1200 mOsm/
kg [1].

Hypovolaemia associated with dehydration also leads to
many other linked homeostatic responses including activa-
tion of the renin—angiotensin—axis and sympathetic nervous
system. These responses have been well defined, especially
when associated with acute isotonic hypovolaemia, and are
triggered by intravascular baroreceptors [2, 13]. In the case
of hypertonic hypovolaemia (i.e. with water loss), there
are also osmolality triggers of these responses. For renin,
the osmolality trigger is indirect via AVP at the juxta-glo-
merular apparatus [14], and for sympathetic responses it is
direct via brain osmoreceptors [15]. These pathways lead
to vasoconstriction and sodium reabsorption, and they also
contribute to thirst responses, thus all helping to defend the
extracellular volume.

Amongst the countless additional processes that help
maintain osmotic homeostasis are the mechanisms that
ensure cells maintain their function in a state of dehydra-
tion. Intracellular organic solutes known as osmolytes are
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crucial to the integrity of tubular cells within the hypertonic
medulla, enabling them to maintain concentrating mecha-
nisms (Fig. 1C).

AVP has a number of other receptors and actions at high
concentrations which may have evolved as part of a fight- or
flight-type response. Vasopressin Type 1a receptors (V1aR)
cause vasoconstriction via smooth muscle cells [16], induce
natriuresis [17], and increase renin secretion [14]. AVP
V1b receptors can stimulate adrenocorticotropic hormone
(ACTH) and therefore stimulate cortisol release [18]. There
has been substantial recent interest in AVP, its relationship
to metabolic and vascular disease, and whether increased
water intake could be of benefit [19].

Definitions and assessment of dehydration

To understand published studies of hydration, it is important
to review how dehydration can be defined and quantified,
including the method for this.

The total body water (TBW) state of an individual lies in
a spectrum between hypohydration (dehydration), euvolae-
mia, and fluid overload. Dehydration is classically defined
as a process of body water loss independent of TBW state,
with hypohydration, the state of water deficit. In medicine
however, the term dehydration is commonly used in place
of hypohydration, and we have therefore elected to use this
throughout this paper.

There can be challenges in assessing hydration state
because homeostasis means it can be in constant flux [20].
For example, the spectrum between dehydration and euvol-
aemia is underhydration. This is a state of compensated
dehydration with homeostasis having restored TBW to
euvolaemia [21]. There are also challenges in identifying
mildly deranged volume state. Mild dehydration with <3%
TBW deficit is usually undetected by many standard clinical
tools, and in this paper we label it as subclinical dehydration.

Dehydration generally only produces the classic clinical
signs such as reduced skin turgor or tachycardia with loss of
5% or more of body weight [22]. However, even at or above
this range, these signs have limited accuracy in assessment
of the actual degree of dehydration [23] and there can be
challenges in assessment where body compartment tonic-
ity and typical water body distribution are altered, such
as in hypernatremia or hypoalbuminemia. Addition of lab
tests including standard electrolyte panels with urea, serum
creatinine, bicarbonate, and haematocrit can be helpful to
detect dehydration [22, 23]. There are however clear draw-
backs in CKD with the interpretation of these parameters,
and sensitivity for identifying less significant dehydration or
underhydration in the broad CKD population is unstudied
to our knowledge.
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Fig.1 A Juxtamedullary nephron — key sites of V2R-mediated
regulation urine concentration. B Schematic of tubular cell osmolyte
effects relevant to urine concentration and CKD. C Schematic of col-
lecting duct tubular cell - effects relevant to urine concentration. 1A.
AVP activation of V2 receptors leads to channel activity that contrib-
utes to medullary hypertonicity and water reabsorption [4—6]. The
receptors indicated here all give rise to substantial urinary water loss
and dehydration in rodent knock-out. Green circles represent a chan-
nel with movement of water or electrolytes from the tubule lumen
into the interstitium via the cell. 1B. Tubular cell osmolyte regula-
tion. Synthesis and reabsorption of osmolytes is altered in response to
changes in osmolality [7]. Increased intracellular osmolality increases
activity of the nuclear factor TonEBP [8]. TonEBP increases tran-
scription of osmolyte transporters leading to reabsorption of these
compounds from the tubular lumen. TonEBP also increases transcrip-
tion of aldose reductase that converts intracellular glucose to sorbitol
which also acts as an osmolyte [9]. In the proximal tubule the enzyme
fructokinase acting on sorbitol may contribute to damaging intracel-
lular changes [10]. 1C. Processes contributing to water reabsorp-
tion within tubular cells of the inner medullary collecting duct. As
reviewed in [1], AVP binds to the V2R receptor and stimulates ade-
nylate cyclase with production of cAMP. Downstream effects include
stimulation of aquaporin 2 transcription, and AQP2 phosphorylation.
Aquaporin 2 vesicles are steered to the luminal membrane by changes
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to the actin cytoskeleton, with channels endocytosed into the mem-
brane, allowing water transport. Water traverses the cell and exits
the basal membrane into the intersitium via constitutively expressed
AQP3 and AQP4 channels. AVP via protein kinase A phosphoryl-
ates and activates the Urea channels UTA1 and UTA3 that also allow
urea transport through the cell and into the interstitium, to set up the
medullary concentrating gradient that promotes water reabsorption
[4]. Epac is a protein kinase A-independent promotor of urea chan-
nel ac va on [11]. AVP also promotes EnaC activation and sodium
reabsorption [6]. TonEBP is a non-AVP dependent stimulator of urine
concentration via AQP2 and UTA1 channel transcription [8, 12]. Cre-
ated with BioRender.com. Na, sodium; CI, chloride; K, potassium;
H20, water; mOsm/L, milliosmoles per litre; NKCC2, sodium potas-
sium chloride cotransporter; NCC, sodium chloride symporter or thi-
azide sensitive NaCl cotransporter; ENaC, epithelial sodium channel;
AQP2,3,4, aquaporin channels; UTAI, UTA3, urea transporters; ATP,
adenosine triphosphate; Epac, exchange proteins directly ac vated by
cAMP; cAMP, cyclic adenosine 3,5 monophosphate; AC, adenylate
cyclase; P, phosphate; AVP, arginine vasopressin; V2R, vasopressin
type 2 receptor; CREB, cAMP-response element binding protein;
TonEBP, tonicity-responsive enhancer binding protein; TauT, taurine
transporter; Smit, sodium myo-inositol transporter; Bgt-I, betaine
GABA transporter
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Weight change is perhaps the most useful clinical tool
to detect and sensitively quantify acute dehydration [24],
but for accuracy, this requires that a prior recent weight
at euvolaemia is known, the weight is taken after a void,
and the same set of scales are used. Even the most rigor-
ous clinical researcher or nephrologist will face challenges
with this. Monitoring of fluid balance via measurement of
intake and loss can be a useful tool to complement hydra-
tion assessment in the monitored hospital environment, and
these parameters have also been used in population research,
including to inform adequate fluid intake recommendations,
despite inherent inaccuracies [25]. In the healthy popula-
tion, decrease of urinary water loss is the main homeo-
static response to inadequate hydration. Measurement of
urine volume alone in this population, especially if there
are minimum other insensible losses, can therefore provide
information about hydration state and water intake, although
accurate quantification can be limited [26].

As the key regulator of hydration, urine concentration
indices (urine specific gravity (SG) or urine osmolality
(UOsm)) can be helpful in detection of both dehydration
and underhydration. Urine colour can correlate with these
indices and colour charts have been used in public health
messaging to encourage hydration during heat waves.
Urine osmolality from sampling over 24 h has better cor-
relation with fluid intake in healthy sedentary adults than
first morning urine samples; however, margin of error and
sample collection issues limit clinical utility [26]. Recently,
in healthy children, late afternoon spot urine osmolality has
been shown to have good equivalence with 24-h osmolal-
ity with a mean difference of only 62 mmol kg™! [27]. It is
important to appreciate that urine concentration indices and
volume reflect the state of homeostasis and not necessarily
TBW at that moment in time. Thus, in underhydration, these
indices are elevated with normal plasma osmolality. This
is differentiated from dehydration where plasma osmolality
can increase with as little as 1% body weight loss [28]. In
the CKD population urinary concentration measures, colour
and volumes may not be reliable methods to detect dehydra-
tion or underhydration due to impaired kidney concentrating
capacity [29], and there are issues with plasma osmolality
in CKD as it also reflects the solute urea and other osmoles
which are often higher in CKD.

Gold standard quantification of hydration state is gen-
erally considered as TBW measured using isotope dilution
compared to references; however, this is not a practical clini-
cal tool due to the time, cost, and risks with these studies,
which are not able to repeated frequently. It is also unclear
exactly where dehydration should be defined based on TBW
percentile distribution references [20]. An alternative for
TBW assessment is bioelectrical impedance analysis (BIA)
which assesses TBW based on the resistance of electric
currents within tissues, which changes according to water
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content. Further research is required to enable routine clini-
cal implementation of BIA in children with CKD, especially
for determination of dehydrated states [30]. In non-CKD,
point of care ultrasound to measure inferior vena cava (IVC)
and aortic (Ao) dimensions has been proposed (IVC/Ao ratio
and IVC collapsibility index) to help diagnose and quantify
acute dehydration; however, the diagnostic performance of
these tools is limited based on current research [31].

Despite limitations of these tools in CKD and need for
further study of their utility to detect mild dehydration or
underhydration [32], they are the only tools available in
clinical settings. We have thus incorporated these into a
framework for assessing dehydration risk in CKD (“Hydra-
tion recommendations in paediatric CKD” section and
Table 1 and 2). In the future, mild dehydration and under-
hydration may be detected by other evidence of activation
of homeostatic mechanisms. Adults with lower habitual
fluid intake have higher AVP levels compared to those who
consume more fluids, despite similar plasma osmolality
[33]. AVP measurement however is problematic as it is
highly bound to platelets and is unstable in plasma [34].
Copeptin, which is the C terminal fragment of the AVP
prohormone, is released in a 1:1 ratio with secreted AVP,
and is considered a surrogate AVP marker [34]. Copep-
tin in large-scale community adult populations is directly
associated with urine osmolality and inversely associated
with 24-h urine output [35]. Interpretation of copeptin in
CKD must be undertaken with care, as there is a decrease
of copeptin clearance with declining GFR [36], necessi-
tating GFR-based correction [37], especially at GFR <28
[38]. Other than in central diabetes insipidus (DI), there
is very limited study of copeptin and its relationship with
dehydration or CKD in children.

There are no widely accepted specific thresholds of
hydration state biomarkers for defining dehydration or
underhydration, although some authors have proposed
these [39, 40]. A 24-h UOsm of 830 mOsm/kg has been
proposed as a threshold definition of dehydration in healthy
children and young adults consuming a Western-type diet
[40]. Based on studies of health outcomes in adults, includ-
ing long-term CKD outcomes in the general adult popula-
tion, a target 24-h UOsm of under 500 mOsm/kg has been
quoted to define optimal hydration state [39]. A plasma
osmolality level of >290 mOsm/kg has been used in many
studies to define dehydration, with a similar range used
as reference to generate North American adequate water
intake recommendations [41, 42]. Specific copeptin lev-
els associated with dehydration have not been proposed,
although an AVP threshold of >2 pg/ml has been used in
research to define dehydration [43]. There are no biomark-
ers that reflect a state of chronic dehydration or underhy-
dration. This needs to be taken into account when assessing
evidence for association with CKD progression.



Pediatric Nephrology

Table 1 Risk factors for dehydration in childhood CKD

WATER ACCESS ASSOCIATED RISKS

RENAL WATER LOSS ASSOCIATED WITH AVP RESISTANCE OR RELATIVE RESISTANCE
(previously known as nephrogenic diabetes)

Reliant on others for intake
Infants

Oral aversion
Developmental delay
Unsafe water supply

SPECIFIC HIGH RISK KIDNEY DISEASES

CURRENT UNDERSTANDING OF RISK
MECHANISMS

NON-RENAL WATER LOSS RISKS

Fanconi type proximal tubular dysfunction
(e.g. cystinosis)

Solute loss from proximal tubule and
secondary osmotic loss of water, unable to
compensate distally in part due to
hypokalemia-associated reduced AQP2
expression

e Environmental factors associated with water loss

High intensity daily exercise
Hot climate
Therapy associated e.g. — phototherapy

e High surface area to body mass (evaporative water loss risk)

Newborns, infants

e Acute illness associated risks — non-renal water loss

Gastrointestinal

Respiratory from tachypnoea
Fever

Burns

e Non renal chronic illness associated risk — non-renal water loss

Bartter syndrome

Solute loss from thick ascending loop of
Henle, reduced corticomedullary interstitial
osmotic gradient, hypokalemia-associated
reduced AQP2 expression

Medullary nephrocalcinosis (including
hyperoxaluria)

Dysregulation of AQP2

Hereditary nephrogenic diabetes insipidus

V2R gene mutations

AQP2 gene mutations

Ciliopathies Autosomal dominant polycystic

kidney disease

Cysts disrupting corticomedullary interstitial
osmotic gradient

Nephronophthisis

Tubulointerstitial fibrosis reducing

e Short gut
e  Cystic fibrosis

corticomedullary interstitial osmotic gradient

e Diabetes mellitus-associated osmotic diuresis

Kidney transplant (especially early post-transplant)

Reduced aquaporin expression

CKD, chronic kidney disease; AQP2, aquaporin 2 channels; V2R, vasopressin type 2 receptor

Dehydration risk factors and consequences
in CKD

Risk factors

Risk factors can be grouped into water access associated, and
water loss associated, including water loss due to impaired
kidney concentrating capacity (Table 1).

Specific hydration challenges in paediatric CKD include
the water access dependence of young infants. In the setting
of CKD-associated reduced kidney concentrating capacity,
patients with reduced water access may have heightened
dehydration risk, including acute dehydration associated
with other illnesses impacting intake or non-renal water loss.
Even with sufficient access to water, inadequate hydration
can be common in childhood. In the USA, 54% of healthy
6—19-year-olds were assessed to have inadequate hydra-
tion, defined using a UOsm cutoff of > 800 mOsm/kg [44].
Whether there are similar issues for children with CKD is
not known.

Impaired concentrating capacity may be the most com-
mon predisposing factor for dehydration in CKD. Where
defined by fasting urine concentration < 600 mOsm/l,
impaired concentrating capacity has been identified in 46%
of adult patients with stage 2 CKD, 69% in 3a, and 84%
in 3b [29]. There are no similar studies in children to our
knowledge. Reduced concentration is attributed to impaired
responses to aldosterone and cyclic AMP and AQP to AVP
[45, 46]. As CKD progresses, there will be a point where

patients are more likely to have baseline fluid overload due
to impaired GFR and salt retention. In adults, 20% of out-
patients in stage 3—5 CKD (mean eGFR 28.7 ml/min/1.73
m? have been suggested to have subclinical overhydration
based on bioimpedance [47]. In the setting of fluid losses
or illness however, many of these patients will be unable to
further concentrate their urine and so can still be at higher
risk of dehydration.

Aetiology of CKD can be an important risk factor for
impaired concentrating capacity. In some cases, this may
also be associated with significant polyuria such as in
hereditary nephrogenic diabetes insipidus (NDI) and Bartter
syndrome. Table 1 presents a list of CKD aetiologies with
reported impaired concentrating capacity and the mecha-
nisms responsible for this.

Studies of kidney concentrating capacity and markers of
hydration state or acute dehydration episodes in childhood
CKD are very limited [48-50]. Even in the more severe
cases of AVP resistance, there are few reports in the litera-
ture of the consequences of polyuria for these patients. One
multicentre cohort study of inherited NDI reported hospitali-
sation with hypernatremic dehydration subsequent to diag-
nosis in approximately 28%, and an outcome of CKD stage
2 or more in 30% by median age of 6 years old [S1]. It is not
clear whether dehydration in these conditions contributes
to CKD progression and there are additional risk factors for
CKD such as long-term use of COX inhibitors.

In autosomal dominant polycystic kidney disease (ADPKD),
reduced concentrating capacity can occur even with high eGFR.

@ Springer
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Table 2 Framework for non-dialysis CKD dehydration risk screening and prevention for outpatient settings

A. REVIEW RISK FACTORS IN TABLE 1 AND DISEASES WITH HIGH RISK OF PROGRESSION WITH DEHYDRATION (e.g. hyperoxaluria)

B. CONSIDER ADDITIONAL RISK SCREENING IF UNCLEAR DEHYDRATION RISK

C. ADEQUATE INTAKE RECOMMENDATIONS: WHERE IDENTIFIED AS AT-RISK
BASED ON A AND/OR B

1. FOR CONCENTRATING DEFECT:
e Fast overnight if safe, or at maximum safe time
e 1%'morning or maximum safe fasting spot urine osmolality*

AND

2. FOR EVIDENCE OF DEHYDRATION
e  Routine clinical assessment*

. Weight loss

. Higher serum sodium

. Higher plasma osmolality
. Higher hematocrit

. Higher creatinine

® Late afternoon spot urine osmolality on a standard day (access to free water,
usual exercise level)?

AND

3. FOR EVIDENCE OF FLUID OVERLOAD

e Edema

e Hypertension

e Evidence of left ventricular hypertrophy on a recent echocardiogram

1. URINE VOLUME - 24 hour urine volume on a well day if continent
AND

2. INSENSIBLE WATER LOSS*®

RECOMMENDED TOTAL WATER INTAKE VOLUME = 1+2

e If there is any evidence of baseline fluid overload these adequate intake
recommendations will not apply

e  Consider if potential risk of subclinical fluid overload (e.g. CKD Stage 24, Left
ventricular hypertrophy) and re-evaluate assessment for fluid overload over
time

e Note that 20% of total fluid intake is usually found within food moisture
e Increase insensible loss calculations with strenuous exercise and/or when

exposed to hot/humid weather (individualise and consider further assessment
including monitoring of dry bare weight)

SUGGESTED REFERENCES OF CONCERN

e Morning/Fasting Urine Osmolality <600*

e Late afternoon spot Osmolality >500P, noting that a lower urine osmolality does
not rule out dehydration in this population, and this parameter is best assessed
with the additional clinical markers of hydration state

*Based on the commonly used threshold to consider further workup of potential
diabetes insipidus

and assessment of dehydration”)

Combined evidence likely to be of most value, with comparison against prior clinical
values.

B Based on reference [39], but noting potential inaccuracies in CKD (see section “de-
finitions and assessment of dehydration”)

a. Sensitivity and specificity of each measure unstudied in CKD (see section “definitions|

CALCULATIONS

X Insensible water loss typical non-premature newborn/infant up to 10kg
=30-45 ml/kg/day

8 Insensible waster loss >10 kg**
=300-400 ml/m?/day in temperate conditions and non-strenuous exercise

In a study of children with mean GFR of > 100 ml/min/1.73
m? undergoing water deprivation, maximal urine concentra-
tion was suppressed to a mean of 872 mOsm/kg in ADPKD
versus 1041 in healthy controls [48]. In adults with ADPKD
this is associated with significantly higher AVP and copeptin
[52]. AVP has been shown to be a contributing factor to cyst
development due to V2R receptor-triggered increase in cyclic
adenosine monophosphate (cAMP) [53, 54], and it is specu-
lated that the cysts themselves also contribute to concentration
deficits [55]. Thus, there is theoretical higher risk of dehydra-
tion and underhydration in this condition, and via AVP, this
may also affect concentrating capacity and disease progression.
The pathogenic role of AVP in ADPKD was confirmed with
the finding that V2R antagonists (V2RA) were able to reduce
renal cAMP and disease progression in animal models [56] and
then in ADPKD human disease [57]. The V2RA tolvaptan is
now in clinical use for adults with ADPKD who are at high risk
of CKD progression. Side effects of therapy, including signifi-
cant polyuria, limit adherence [57]. Whether reduction in AVP
through better hydration can also impact ADPKD progression
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is unknown. An increase in water intake that was already above
standard population levels did not change GFR over 3 years in
an Australian adult ADPKD trial [58]. Challenges in this trial
meant that water intake did not meet aims, and copeptin levels
did not drop; thus, the authors could not definitively conclude
that higher water intake is not beneficial to disease progression.
Other diseases with similar ciliary apparatus dysfunction
influencing ADH-cAMP-AQP2, with potential dehydration
risk, include autosomal recessive polycystic disease (ARPKD)
and nephronophthisis (NPH). In ARPKD, renal concentrat-
ing defects and osmoregulatory responses have not been well
described. In NPH, polyuria and poor urinary concentration
is characteristic, and this usually occurs before the decline in
GFR. Most recently in Joubert syndrome, which is a syndro-
mic NPH characterised by ciliary defects leading to cerebellar
hypoplasia and nephronophthisis in approximately Y4, reduced
first morning UOsm with a poor response to desmopressin (a
synthetic V2R agonist) has been shown to be associated with
CKD progression [59]. Whether poor urinary concentration
contributes causally to this has not been investigated.
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The concentrated urine of dehydration and underhydra-
tion is likely to be an important risk state for progression
of nephrocalcinosis and CKD associated with diseases such
as hyperoxaluria. The tubular damage of these conditions
may also reduce concentrating capacity and exaggerate
risk of dehydration. Hyperhydration is an important part
of management, increasing the solubility of the compound,
theoretically helping to reduce crystallisation and second-
ary renal damage. There are however no studies to our
knowledge that have specifically evaluated the benefits of
hyperhydration.

We have elected to exclude from this review lengthy dis-
cussion regarding nephrotic syndrome, a state associated with
baseline isolated intravascular volume deficit. Readers however
should recognise that investigations, physiology, and postulates
regarding risk of CKD progression may also apply to chronic
nephrotic states. In addition, where acute illness or excessive
diuretic use leads to dehydration, this can be more difficult to
recognise and there can be a high risk of complications such
as acute kidney injury (AKI) and renal vein thrombosis [60].

Hydration in paediatric transplantation can be a challenge.
Early post-transplant concentrating capacity may be impaired
due to ischaemia reperfusion injury [61] and at this time
patients are usually generously hydrated to ensure graft perfu-
sion. By discharge, fluid targets are usually prescribed, but
these are often not met [62], and readmission for evaluation
of graft dysfunction ultimately attributed to poor intake can
be common [50]. Dehydration admissions in the context of
infective illness post-transplant are often associated with AKI,
and interestingly, Le Page et al. also found that a gastrostomy
tube was a risk rather than a protective factor in this context
[50]. Formal study of kidney concentrating capacity early post-
transplant is limited; however, impaired response to desmo-
pressin was demonstrated by Qvist et al. in the majority of chil-
dren 1.5 years post-transplant, where mean GFR was between
67 and 85 ml/min/1.73 m?, dependent on type of donor kidney
[49]. If kidney concentrating capacity is impaired post-trans-
plant, and it is known that fluid targets are often not met, then
many patients post-transplant may have chronic dehydration or
underhydration. This may be of concern, as in an adult cohort
the highest copeptin tertile 6 years post-transplant was shown
to associate with a significantly higher subsequent decline in
eGFR over 3 years (— 1 ml/min/1.73 m?/year versus —0.03
for the lowest tertile) [63]. Further research is needed to help
understand concentrating capacity post-transplant, to help
clarify optimal fluid intake recommendations.

Dehydration and CKD progression —
pathophysiologic evidence

Where dehydration is severe and associated with hypovol-
aemia, renal ischaemia may develop with secondary acute
tubular necrosis and kidney injury [64]. Whilst this state is

often recoverable, subtle changes in inflammatory pathways
can lead to interstitial fibrosis, with potential heightened
risk of dehydration due to exacerbated renal concentrating
defects, lowering the threshold for further kidney injury
and risk of CKD or CKD progression [65]. In more mild
dehydration or underhydration where renal blood flow is less
disturbed, there is evidence that AVP can drive pathologic
processes including via activation of the renin—angioten-
sin—aldosterone system (RAAS).

In rats, AVP infusion leads in the short term to increased
UOsm, increased GFR [66], and albuminuria [67]. In 5/6
nephrectomy rats, those with genetic AVP deficiency had
less renal hypertrophy and CKD progression [68]. As
reviewed by Meijer et al., use of both V2Ra and/or Vasopres-
sin Type 1a antagonists (V1aRa) in a variety of different rat
CKD models reduced or prevented adverse renal outcomes
and hypertension in 10 of 11 studies [55]. Mechanisms that
may cause AVP-associated hyperfiltration include V2R-
mediated sodium resorption at the cortical TAL which alters
intraluminal osmolality with secondary changes to macula
densa-induced tubulo-glomerular feedback [5]. AVP action
at V1aR may contribute to hyperfiltration via increased renin
secretion from the juxta-glomerular apparatus [14]. Chronic
desmopressin infusion-associated albuminuria in rats can
be improved with angiotensin-converting enzyme (ACE)
inhibitors [67]. Although GFR can be increased with AVP,
glomerular tubular balance and distal AVP actions mean that
urine can still be concentrated.

Human studies have confirmed a relationship between
underhydration and increased GFR in adults in association
with high protein intake [69], and desmopressin infusion has
been shown to cause albuminuria, and to increase renin [67].
Studies of GFR in association with desmopressin, however,
are limited in humans other than when this is used in critical
care where GFR has been shown to increase [67, 70]. The
albuminuria associated with desmopressin infusion is V2R
dependent, as adult patients with NDI with AQP2 mutations
developed desmopressin-associated increased albuminuria,
but this did not occur for patients with V2R mutations [67].
It is not known whether RAAS inhibition in humans can
change intrarenal haemodynamics or modify CKD progres-
sion in response to vasopressin or dehydration.

At a cellular level in rats, AVP has been shown to induce
changes that could lead to CKD, including mesangial cell
proliferation and TGF-beta-associated collagen production,
which can be inhibited by VIAR antagonists (VIARA) [71,
72].

It also has been proposed that AVP may have a pathogenic
role in hypertension [73], theoretically further contributing
to CKD progression. Mechanisms however are potentially
conflicting. Whilst AVP stimulated VIAR can vasoconstrict
[16] and increase renin [14], it can also lead to natriuresis
[17]. AVP activation of V2R however can increase sodium

@ Springer



Pediatric Nephrology

resorption (Fig. 1A) [6]. Additional mechanisms that may
contribute to hypertension in chronic dehydration include
high-osmolality stimulation of CNS sympathetic responses
[15] and TonEBP stimulation of serum glucocorticoid-
inducible kinase 1 (SGK1) with, again, associated sodium
retention [19]. Further study is required to understand if mild
dehydration can augment local intrarenal sympathetic nerve
activity that can accelerate CKD progression [74].

CKD progression has been predicted by increased urinary
osmolytes, which may relate to defective gene expression
of associated tubule transporters [75]. As discussed in the
“Physiology of water homeostasis” section, these osmolytes
protect tubular cells in the high-osmolality renal medulla
(Fig. 1C) and their loss may make tubular cells more vul-
nerable when under the hyperosmotic stress of dehydration.
This may then contribute to both worse concentrating capac-
ity and CKD progression.

Another pathway that could contribute to dehydration
risks for CKD patients is the polyol pathway. In mice with
recurrent heat-induced dehydration, delayed rehydration
has been associated with increased creatinine, and inflam-
matory and fibrotic changes on biopsy [76]. An associated
increase in renal cortex sorbitol is seen, which is a conse-
quence of polyol pathway activation, possibly triggered by
TonEBP [9]. Sorbitol is an osmolyte that helps maintain
tubular cell integrity (Fig. 1C). Sorbitol production, how-
ever, comes with a consequence particularly at the level of
the proximal tubule where it is converted to fructose, and
then further metabolised generating reactive oxygen species,
and proinflammatory cytokines [10]. These consequences
are exacerbated in rodents when rehydrated with sweetened
beverages [77]. There are no human studies to our knowl-
edge that have assessed markers of tubular polyol pathway
induction in dehydration; however, in exercise in heat, soft
drink consumption versus water intake is associated with
mild AKI with increased urine tubular injury biomarkers
and copeptin [78].

Dehydration and CKD progression — clinical
evidence

Whilst AKI is a risk factor for CKD [79] or progression
of established CKD [80], clinical studies following up out-
comes specifically of acute dehydration-associated AKI are
lacking. Subacute and recurrent dehydration, however, has
been linked to CKD, with dehydration associated with heat
exposure hypothesised to be a contributing factor to an epi-
demic of CKD of unknown aetiology (CKDu) [81]. This
disease occurs primarily in young agricultural workers who
work in hot conditions, and is characterised by abnormal
eGFR and mild proteinuria usually in the absence of acute
presentation with AKI [81]. Kidney biopsies demonstrate
tubulointerstitial injury, secondary glomerulosclerosis, and
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signs of glomerular ischaemia [82]. Heat and dehydration,
along with use of non-steroidal anti-inflammatory drugs and
possibly other toxins, are proposed as primary risk factors
for developing CKDu but causality has not been established
[81, 83]. Studies of workers at risk demonstrate higher tubu-
lar injury biomarkers and raised copeptin [84, 85].

With respect to underhydration or subclinical dehy-
dration, cross-sectional studies of healthy adult popula-
tions demonstrate associations between higher UOsm and
higher GFR that can extend into the hyperfiltration range
[86]. The pathophysiologic studies suggest that AVP may
mediate this relationship [67, 69], and adult healthy popu-
lation studies identify associations of low urine output
and high copeptin, with microalbuminuria and increased
future risk of CKD [87, 88]. Study of whether ACE inhi-
bition can modify this association would be of interest.
One study of healthy children demonstrated that higher
morning urine specific gravity was associated with higher
urinary microalbumin, although relevance of this finding
to dehydration is unclear, as this should not be defined by
fasting morning urine [89].

In CKD there are inconsistent findings regarding the asso-
ciation of UOsm and urine volume with CKD progression
(Table 3). These studies are all in adult patients and although
adjusted for baseline factors, they are difficult to compare, as
populations are very different with a range of initial baseline
eGFR and different proportions of CKD aetiologies, both of
which can influence kidney concentrating capacity [90, 91].
Populations also have variable comorbidities and diuretic use.
Assessment of copeptin as a marker of acute hydration state
in CKD may have an advantage over UOsm or urine volume-
based assessment (Table 3). Longitudinal studies in adults in
ADPKD show utility of high copeptin for predicting a better
response to tolvaptan [92]. In transplantation, IgA nephropa-
thy and diabetes mellitus, higher baseline copeptin has been
associated with a greater decline in GFR over time [63, 90].

Water intake studies in adult CKD have not shown a clear-
cut association of improved hydration with limiting GFR
decline. In a randomised trial of coached water intake in CKD
stage 3 assessing a primary outcome of eGFR change over
12 months, for an average 0.7-L increase in water intake for
the intervention group, copeptin decreased, but no significant
eGFR change was seen [99]. This study had limitations and the
number of enrolled participants did not meet the sample size
goal. The previously described water intake trial in ADPKD
with a mean eGFR of 77 ml/min/1.73 m? also did not show a
benefit of improved hydration with eGFR change over 3 years
[58]. There are significant methodologic challenges in these
trials, including compliance with the intervention. If AVP is
an important pathophysiologic factor in CKD progression, and
water intake supresses AVP, then evaluation of subcohorts who
have more significant AVP or copeptin decline is important to
establish whether better hydration can reduce CKD progression.
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Table 3 Clinical research of hydration state and CKD outcomes (all adult cohorts with threshold for inclusion N> 100)

Post hoc analysis of
MDRD study data

* mGFR for inclusion 25-55
© PKD N=139, CKD other N=442
® Mean follow-up 2.3y

POPULATION HYDRATION MARKERS/ OUTCOMES/DEPENDENT MULTIVARIABLE ASSOCIATIONS
DEMOGRAPHICS AND INTERVENTION VARIABLE ASSESSED (all baseline eGFR adjusted)
FOLLOW-UP

URINE STUDIES IN CKD

Herbert, 2003 [93] * CKD N =581 © 24 hour urine volume GFR (iothalamate clearance) change 1 urine volume and U urine Osm assoc with 11

© 24 hour calculated urine Osm

at 4-month intervals mGFR decline in PKD and non-PKD

Torres, 2011 [94]
Prospective
Longitudinal

* ADPKD N=241

© Mean baseline mGFR 97.8, urine
osmolality 368

e Follow-up at 6y

e Urine Osm from 24 hour sample
— as continuous parameter

e Total Kidney Volume (TKV)
lopthalamate GFR

o M urine Osm 1 risk GFR decline from year 1 to
year 6. No association with TKV.

Plischke, 2014 [95]

Retrospective
longitudinal

e CKD N=273

© Median CrCl 48

* PKD 7%

© Median follow-up 92 months

© 24 hour urine Osm

e Dialysis initiation — occurred in 38% | e 1! urine Osm associated with dialysis initiation.

Lee et al., 2019 [96]

* CKD N=1999
® Mean baseline eGFR 50

® Fasting urine Osm tertiles

o urine Osm 1 risk
e Urine Osm did not add additional prediction to

Composite - 50% decline eGFR or
dialysis initiation — occurred in 21.6%

Prospective
longitudinal

* Median mGFR 40

* Median baseline fasting urine
osmolality 502

o Median follow-up 5.9y

Prospective «PKD 6.9% total GFR in model.
longitudinal © Mean follow-up 35.2 +/- 19mo
Tabibzadeh, 2019 [29] © CKD Stage 1-4, N=2084 © Fasting urine Osm tertiles e Stage 5 CKD © Lowest tertile baseline urine Osm associated

o Mortality with T decline in mGFR, 11 risk stage 5 CKD
o If pre stage 5 CKD, mGFR change

Jyear

COPEPTIN IN CKD

Meijer, 2009 [63]
Prospective
longitudinal

© Kidney Transplant N=548

© Median time post-transplant 6 y
¢ Baseline mean eGFR 47

© Median follow-up 3.2y

* Plasma Copeptin
* Gender stratified tertiles

e Change in eGFR/year o I Copeptin assoc with 11 eGFR decline

Gansevoort, 2019 [92]
Post hoc analysis of
Tempo 3:4 tolvaptan
trial

* ADPKD N=1280
* eGFR >60
o Follow-up over 3y

* Plasma copeptin quartiles
® Urine Osm

 Total kidney volume
* eGFR change

o Placebo - T copeptin associated with TKV & 1!
eGFR decline but NS when adj for baseline TKV;
U Urine Osm assoc with 1 eGFR decline

e Tolvaptan - f copeptin &f copeptin over 3
weeks, associated with U eGFR decline and
better TKV

COPEPTIN IN DIABETES

Velho, 2016 [97]

«T1DM

© N=736 (2 different cohorts with
different follow-up duration)

* Median follow-up 10.2y & 5.0y

© Sex specific tertiles

e Stage 5 CKD

e Cardiac events- Ml or
revascularisation

o All-cause mortality

e Highest tertile associated with stage 5 CKD,
cardiac events and mortality

Velho, 2018 [98]

*T2DM
© N=4505 total
* Median follow-up 4.7 y

* Sex specific tertiles

® eGFR fall of >5 ml/min/1.73 m?/y
© Doubling of serum creatinine
e Stage 5 CKD = receipt of KRT
e Combined cardiac outcomes

o Highest tertile of copeptin had ! for all renal
outcomes and combined cardiac outcomes

WATER INTAKE TRIALS
IN CKD

Clark, 2018 [99]

* CKD N=631

® Intervention arm- coached

* eGFR change e Intervention arm — 0.6 L 1l in urine output

to TKV criteria
® Mean baseline eGFR 77
 Follow-up at 3 y completed by
86%

RCT © Mean baseline eGFR 43 water intake aiming for 1-1.5 © Copeptin change *No eGFR change
e Inclusion only if albuminuria and L/day o Creatinine clearance change o U plasma copeptin
baseline 24 hour urine volume < * OR control —ad libitum * Albuminuria change o Mincrease in CrCl
3L
® Follow-up at 12 months
Rangan, 2022 [58] e ADPKD N=184 e Intervention — water intake to © 24 hour urine Osm, volume o U urine Osm & 1! volume with intervention
RCT e Inclusion if eGFR>29 & according drop 24hr urine Osm <271

* OR control —ad libitum

e Change of height corrected TKV
e Copeptin

e Change in eGFR

e Kidney pain

* Composite renal outcome

* No Copeptin change with intervention
* No TKV, eGFR, composite or pain change

CKD, chronic kidney disease; N, number; L, litres; ml, millilitres; eGFR, estimated GFR; mGFR, measured GFR; Osm, osmolality; pa, per
annum; KDIGO, Kidney Disease Improving Global Outcomes guidelines; SD, standard deviation; NFI, normal fluid intake; HFI, high fluid
intake; ADPKD, autosomal dominant polycystic kidney disease; CrCl, creatinine clearance; y, years; mo, months; assoc, associated with; IFTA,
interstitial fibrosis and tubular atrophy; omso, osmolality; TKV, total kidney volume; T1DM, type 1 diabetes mellitus; 72DM, type 2 diabetes
mellitus; CV, cardiovascular; KRT, kidney replacement therapy; RCT, randomised clinical trial

Most of the studies referenced in Table 3 are for popula-
tions with mean age above 40. In children, studies of hydra-
tion and association with CKD are limited. One recent study
demonstrated that plasma copeptin was higher in young
adults born preterm versus controls, and within the pre-
term group, copeptin was higher in those with more severe
neonatal course, smaller kidney volume, and albuminuria

[100].

If AVP is a significant contributor to progressive kid-
ney disease, then it would be expected that chronic SIADH
(syndrome of inappropriate antidiuretic hormone) or overuse
of desmopressin would lead to CKD. Similarly, one would
expect that nephrogenic syndrome of inappropriate antidiu-
resis (NSIAD), which is due to gain of function mutations
of V2R, would also associate with CKD. The only relevant
study to our knowledge is a report on a small mixed cohort
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of adults with STADH, desmopressin overuse, and NSIAD,
which did not show an association with a single 24-h meas-
ure of microalbuminuria [101].

From the adult studies, can we conclude that subclinical
dehydration or underhydration, especially where chronic,
could contribute to CKD progression, including in children?
The key evidence for the pro-argument is the association of
copeptin with CKD progression in the epidemiologic studies,
which is supported by pathophysiology. However, it needs
to be acknowledged that there may be publication bias and
confounding, and that rodent physiology and human AVP
infusion studies do not represent everyday human physiology.
In addition, the studies referenced examine copeptin levels
at a single time point, which does not identify a chronic state
of dehydration or underhydration. For the con-argument, are
the hydration trials. These trials, however, did not specifi-
cally evaluate cohorts at highest risk of dehydration, and it
is possible that the effects of dehydration may only be borne
out over the longer term. A definitive answer to this question
may be difficult to establish. Further clinical research into
CKD populations with a high vulnerability to chronic states
of dehydration and underhydration, and CKD populations
with fewer comorbidities, such as children, may be helpful.

Other health consequences of subclinical
dehydration and underhydration

Epidemiologic studies in adults have associated copeptin
as a marker of subclinical dehydration and underhydration,
with metabolic dysfunction including diabetes and obesity
[88]. Additionally, there is some evidence suggesting that
dehydration can impact cardiovascular health and inflamma-
tion [102]. Ex vivo and rodent studies show that high plasma

osmolality induces endothelial expression of pro-inflamma-
tory mediators, with at-risk mice undergoing water restriction
demonstrating more advanced atherosclerotic lesions [103].
In a cross-over study in healthy men, mild dehydration in
association with exercise and fluid restriction has been shown
to increase markers of vascular stiffness [104]. Mediators of
this response were not investigated, although it was proposed
that RAAS activation and secondary changes in endothelial
nitric oxide were implicated. Assuming that the pathophysi-
ologic mechanisms that underlie these associations are shared
by both adults and children, this may be of relevance over a
lifetime for those with childhood CKD with chronic or recur-
rent subclinical dehydration and underhydration, who already
have higher baseline risk of cardiovascular disease.

An acute impact that has been associated with mild dehy-
dration or underhydration in children is cognitive dysfunc-
tion [105], and this has been shown to improve with water
intake [106]. Study of associated hydration biomarkers and
cognitive function would be of interest in the well CKD
population.

Hydration recommendations in paediatric
CKD

Although there is need for further research into the conse-
quences of dehydration and underhydration in the CKD popu-
lation, as paediatric nephrology clinicians we should still have
a precautionary approach and provide balanced guidance on
adequate water intake, especially for higher risk patients.
For healthy children, adequate total water intake recom-
mendations have been published by European and North
American nutritional authorities [42, 107] (Table 4). The

Table 4 Healthy children
adequate total water intake

European [107]

North American [42]

recommendations (litres) — Age Total water intake Fluid intake (80% total ~ Total water Fluid intake
derived from [25] water intake) intake (beverage
intake)
0-6 months 0.68 0.68 0.70 0.70
6-12 months 0.80-1.0 0.64-0.80
7-12 months 0.80 0.80
1-2 years 1.1-1.2 0.88-0.90
2-3 years 1.3 1.0
1-3 years 1.3 0.9
4-8 years 1.6 1.2 1.7 1.2
9-13 years
Boys 2.1 1.6 2.4 1.8
Girls 1.9 1.5 2.1 1.6
> 14 years
Boys 2.5 2 33 2.6
Girls 2.0 1.6 2.3 1.8
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North American recommendations were based on median
general population total fluid intake from a surveyed popu-
lation with no significant dehydration based on a plasma
osmolality definition. The European recommendations were
also based on childhood intake studies but incorporated
desirable urine concentration (UOsm < 500 mOsm/1) into the
recommendations. The adequate intake recommendations
have limitations, including derivation from intake studies
of broad populations with substantially different water loss
factors [25]. A recent global study of water turnover using
isotope tracking methods may more accurately inform water
intake recommendations including under different environ-
mental conditions and according to physical activity [108].

For children with CKD, these water intake recommenda-
tions do not take into account impaired kidney concentrating
ability or risk of baseline fluid overload. Thus, an individual
assessment of hydration state and dehydration risk should be
considered (Table 1 and 2). Thirst-guided water intake, with
additional intake in hot environments or with physical activ-
ity, may be the right guidance for most well paediatric CKD
patients who do not clearly fall into the extremes of hydra-
tion risk states. We acknowledge that there can be subclinical
fluid overload in moderate to severe CKD; however, where
salt is adequately restricted, again, thirst-guided water intake
is usually appropriate with caveats about sick days especially
with vomiting or diarrhoea. Further translational research of
markers that may identify subclinical dehydration, underhy-
dration, and fluid overload, such as bioimpedance, may help
clarify optimal guidance. Based on current knowledge, how-
ever, screening at-risk CKD patients for impaired urine con-
centration and evidence of inadequate hydration, with expert
interpretation of hydration state and provision of balanced
intake advice, could be considered as per Table 2. Initial
proposed fluid increments should be suggested in extremes
of weather, exercise, or illness but re-evaluated according
to weight change or other monitored laboratory parameters.

Summary

Despite potential vulnerability due to factors including age
and disease aetiology, there is limited published research on
dehydration and relevance in childhood CKD. It is biologi-
cally plausible that dehydration and underhydration affect
CKD progression, and there may be other health implica-
tions of inadequate water intake for children. AVP is poten-
tially a key mediator of these risks, and copeptin, which is
an easily measured AVP surrogate that is reduced with water
intake, is associated with CKD outcomes in adult cohorts.
Trials of increased water intake in CKD and ADPKD in
adults have not demonstrated attenuation of CKD progres-
sion. Vulnerable patients who have high baseline copeptin
may have the most to gain from increased water intake, and

trials stratifying therapeutic outcomes of water intake based
on baseline copeptin level would be of interest. Future stud-
ies are required to clarify how common dehydration and
underhydration is for the paediatric CKD population, and its
impacts including hospital admissions and evidence for risk
of CKD progression. For now, a risk factor-based stratifica-
tion for providing hydration guidance in paediatric CKD
clinics should be considered.
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