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Abstract

Hypophosphatemia is a common but often underestimated electrolyte derangement among intensive care unit (ICU) patients.
Low phosphate levels can lead to cellular dysfunction with potentially relevant clinical manifestations (e.g., muscle weakness,
respiratory failure, lethargy, confusion, arrhythmias). In critically ill patients with severe acute kidney injury (AKI) renal
replacement therapies (RRTs) represent a well-known risk factor for hypophosphatemia, especially if the most intensive and
prolonged modalities of RRT, such as continuous RRT or prolonged intermittent RRT, are used. Currently, no evidence-
based specific guidelines are available for the treatment of hypophosphatemia in the critically ill; however, considering the
potentially negative impact of hypophosphatemia on morbidity and mortality, strategies aimed at reducing its incidence and
severity should be timely implemented in the ICUs. In the clinical setting of critically ill patients on RRT, the most appro-
priate strategy could be to anticipate the onset of RRT-related hypophosphatemia by implementing the use of phosphate-
containing solutions for RRT through specifically designed protocols. The present review is aimed at summarizing the most
relevant evidence concerning epidemiology, prognostic impact, prevention and treatment of hypophosphatemia in critically
ill patients with AKI on RRT, with a specific focus on RRT-induced hypophosphatemia.
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Introduction

Hypophosphatemia is a common electrolyte disorder among
critically ill patients, but it is frequently underestimated in
the intensive care units (ICUs) [1, 2]. Critical illness exposes
patients to an increased risk of developing hypophosphatemia
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[3, 4] throughout several mechanisms involved in serum
phosphate level regulation; indeed, many causal factors
are involved, such as volume expansion, drugs, acid—base
derangements, refeeding syndrome, sepsis [3, 5]. In patients
with severe acute kidney injury (AKI) renal replacement
therapies (RRTs) may represent a further risk factor for
hypophosphatemia, especially if the most intensive and pro-
longed modalities of RRT are used [6—13].
Hypophosphatemia may have a negative impact on
patient’ outcomes, with an increase in morbidity and mor-
tality [10, 13—16]. Indeed, low phosphate levels can lead to
cellular dysfunction with possibly relevant clinical mani-
festations involving different organs and/or systems (e.g.,
muscle weakness, respiratory failure, lethargy, confusion,
arrhythmias) [3, 16]. Therefore, strategies aimed at reduc-
ing the incidence and the severity of hypophosphatemia
should be timely implemented in the ICUs. However, no
evidence-based specific guidelines are currently available for
the management of hypophosphatemia in this clinical setting
[17]. In any case, many protocols for phosphate supplemen-
tation by means of intravenous administration of phosphate
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solutions have been reported; however, this approach, if
adopted without a strict protocol and in absence of a sched-
uled monitoring, carries the risk of further electrolyte abnor-
malities (hyperphosphatemia, hyperkalemia, hypocalcemia,
hypomagnesemia) [5, 18]. In the specific case of critically ill
patients on RRT, a rational approach could be the prevention
of RRT-related hypophosphatemia through the adoption of
phosphate-containing RRT solutions. In the last few years,
this strategy has been reported as safe and effective in pre-
venting this form of hypophosphatemia [6, 9, 11, 19-25];
thus, the implementation of protocols including phosphate-
containing solutions may represent an effective option for
RRT optimization in critically ill patients with AKI.

The purpose of the present review is to summarize the
most relevant evidence concerning hypophosphatemia in
critically ill patients with AKI on RRT in terms of epidemi-
ology, prognostic impact, prevention and treatment, with a
specific focus on RRT-induced hypophosphatemia.

Methods

An extensive review of the English language literature
was performed to identify all relevant articles describing
the epidemiology, pathogenesis, preventive measures, and
outcome of hypophosphatemia in critically ill patients. To
this end, we searched PubMed, EMBASE™, CINHAL,
Web of Science and Cochrane databases. The search terms
were used as follows: ((“Hypophosphatemia”’[mh] OR
“Hypophosphatemia”[tiab] OR “hypophosphatemia”[tiab]
OR “critically ill’[mh] OR “critically ill”[tiab]) AND
(“renal replacement therapies”’[mh] OR “renal replacement
therapies”[tiab] OR “renal replacement therapy”’[tiab] OR
“continuous renal replacement therapies”[tiab] OR “con-
tinuous renal replacement therapy”[tiab] OR “continuous
veno-venous hemodiafiltration”[tiab] OR “continuous veno-
venous hemofiltration”[tiab] OR “continuous veno-venous
hemodialysis”[tiab])) NOT (animal[mh] NOT human[mbh]).
Medical subject heading terms were used to enhance elec-
tronic searches. Additional studies of interest were identified
by manual search of references, and at least two review-
ers independently evaluated each article for eligibility. The
search was last updated on May 31, 2019.

Hypophosphatemia in critically ill patients
Definition and epidemiology
Hypophosphatemia is defined as a serum phosphate

level < 0.81 mmol/l, and it is usually categorized, accord-
ing to serum phosphate level, as mild (<0.81 mmol/l),

@ Springer

moderate (<0.61 mmol/l), or severe (<0.32 mmol/l) [11].
Even despite the presence of hypophosphatemia can be sug-
gestive of phosphorus depletion, there is no close correlation
between extra- and intracellular phosphorus [26, 27].
Hypophosphatemia is frequently observed in hospitalized
patients with a prevalence up to 80% in the ICU setting [1,
2,5, 13, 28, 29]. Some patient subgroups are considered
at particularly high risk; for example, hypophosphatemia
has been observed in 60-80% of septic patients [5, 30],
and an extremely high prevalence of hypophosphatemia
has been also documented in trauma patients, especially
in the presence of burn wounds and head trauma [5, 31,
32]. Moreover, surgical patients are more prone to develop
hypophosphatemia in the immediate post-operative phase,
mostly following cardiac and hepatic surgery [5, 33-35].
Lastly, hypophosphatemia represents one of the most com-
mon electrolyte derangements related to RRT, especially
when the most intensive and prolonged modalities, such as
continuous RRT (CRRT) or Prolonged intermittent RRT
(PIRRT)—also known as Sustained low-efficiency dialysis
(SLED)—are adopted [2, 12, 15, 28]. Indeed, it can occur
in up to 80% of adult and pediatric patients undergoing
CRRT with standard dialysis/replacement solutions, espe-
cially if high dialysis dose is delivered [7-11, 13, 14, 36,
37] (Table 1). Although with a frequence lower than that
observed in CRRT, hypophosphatemia related to the use of
phosphate-free dialysis solutions is also reported in roughly
20-30% of patients undergoing PIRRT [38, 39] (Table 1).

Etiology

Phosphate balance is maintained through a complex inter-
action between phosphate uptake and phosphate excre-
tion; in critically ill patients the mechanisms regulating
this interaction are frequently disrupted, leading to an
increased risk for hypophosphatemia. Three main mecha-
nisms may induce hypophosphatemia: inadequate intake
and/or decreased intestinal absorption, redistribution,
and loss of phosphate (Fig. 1). As for the first mecha-
nism, inadequate phosphorus intake alone rarely causes
clinically relevant hypophosphatemia due to protective
mechanisms such as increased renal tubular reabsorption
of phosphate. However, a prolonged inadequate intake
of phosphorus is not unusual in ICU patients and may
contribute to induce phosphate depletion, especially if
associated with conditions characterized by a reduced
gut phosphate absorption (e.g., vitamin D deficiency,
prolonged treatment with aluminum/magnesium antac-
ids) [3, 5]. Internal redistribution of phosphate, due to
the reallocation of phosphate to the intracellular compart-
ment in the presence of pre-existent depletion of total body
phosphorus stores, represents the most common mecha-
nism of hypophosphatemia in ICU patients. Different
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Fig.1 Mechanisms of INADEQUATE INTAKE INCREASED BODY
hypophosphatemia in critically AND/OR DECREASED LOSSES
ill patients INTESTINAL
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conditions associated to a stimulation of glycolysis are
able to increase intracellular phosphorylation processes,
potentially leading to extracellular inorganic phosphate
depletion. For example, an intracellular shift of phos-
phate may occur during alkalosis, of either respiratory
or metabolic origin; indeed, the increase of intracellular
pH which characterize these conditions is able to stimu-
late glycolysis and to induce hypophosphatemia by this
mechanism [3]. Moreover, hypophosphatemia observed
in the refeeding syndrome, that appears in severely mal-
nourished patients when artificial nutrition is started, is
mediated by intracellular redistribution of phosphate;
in this clinical context, the high glucose load stimulates
insulin release and accelerates carbohydrate metabolism,
thus increasing intracellular phosphate requirements and
its transport into the cells, so unmasking severe intracel-
lular phosphate depletion [3, 40, 41]. Similarly, increased
cellular uptake of phosphate may occur during beta-adr-
energic receptor stimulation, mediated by endogenous (i.e.
trauma, burns, sepsis) or exogenous (i.e. beta-adrenergic
receptor agonists) catecholamines, or in presence of rapid
cell proliferation (e.g., acute leukaemia, rapid proliferation
of immune cells during severe infections) [3, 5, 42]. As
regard to the last mechanism, phosphate depletion may
occur as a consequence of increased renal and/or extra-
renal body losses. In normal conditions, the kidney repre-
sents the main regulator of phosphate balance, essentially
throughout the modulation of tubular reabsorption medi-
ated by the effects of parathyroid hormone, serum phos-
phate levels and urinary pH variations [3]. Several drugs
and/or conditions may be able to disrupt the regulation
of renal tubular reabsorption leading to increased urinary
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* Tubular disorders

* Hereditary syndromes

* Malignancy-induced
hypophosphatemia

* Hyperparathyroidism

* Parathyroid hormone-
related protein

HYPOPHOSPHATEMIA
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* Glucose/insulin therapy
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* Rapid cell uptake/proliferation (e.g., acute
leukemia, infections)

losses of phosphate and hypophosphatemia (e.g., diuret-
ics, theophylline, paracetamol overdose, glucocorticoids,
acidosis, polyuria) [5]. Moreover, a negative phosphate
balance may be also due to excessive intestinal (i.e. diar-
rhea) or skin (i.e. burn-wound patients) losses [5]. Finally,
as mentioned, phosphate loss with RRTs represents the
most relevant cause of hypophosphatemia in critically ill
patients with severe AKI [3, 5, 28].

In summary, all the above described mechanisms
may play a role at different times in the pathogenesis of
hypophosphatemia in ICU patients; indeed, one or more of
these mechanisms may be involved in different conditions
frequently observed in this specific setting and commonly
associated to phosphate depletion (e.g., sepsis, post-oper-
ative phase, trauma, refeeding, acid—base derangements,
drugs, RRTs) [3, 5].

RRT-induced hypophosphatemia

Acute kidney injury is a widespread and serious complica-
tion in hospitalized patients [43] and RRTs, commonly as
continuous modalities, are often required in ICU patients
with severe AKI [44]. Indeed, CRRTs provide a slow
and steady solute clearance, approaching the physiologic
state, and an optimal fluid balance control; for this reason,
CRRTs are frequently selected as the preferred option in
ICU patients with hemodynamic instability [44, 45]. On the
other hand, CRRTSs usually provide a high daily solute clear-
ance potentially leading to electrolyte derangements (e.g.,
hypokalemia, hypophosphatemia) if preventive measures are
not implemented [28]. In this regard, it should be underlined

@ Springer
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that phosphorus is not a standard component of dialysis or
replacement fluids; thus, hypophosphatemia usually occurs
after 24-48 h from CRRT start if conventional phosphate-
free dialysis solutions are used [14, 28, 37].

Phosphate is mainly an intracellular ion with a poor
equilibrating ability between intra- and extra-cellular pools
and with a complex and multi-compartmental kinetic during
RRT [46]. The main limiting factor for phosphate clearance
is the small mass transfer coefficient between the “remote”
compartment (cells/interstitium) and the intravascular com-
partment that is known to be accessible to dialysis; on this
ground, considering the slow equilibration between the
different pools, phosphate clearance through RRT is time-
dependent. In this regard, Ratanarat et al. conducted a study
to assess, in critically ill patients, the kinetic of phosphate
removal during different RRT modalities: single sessions of
intermittent hemodialysis (IHD) were compared to SLED,
and continuous veno-venous hemofiltration (CVVH) per-
forming all treatments with standard phosphate-free dialysis/
replacement solutions [46]. The Authors found that, although
instantaneous phosphate clearance was higher in intermittent
modalities (THD 126.9 + 18.4 ml/min, SLED 58.0+15.8 ml/
min, CVVH 31.5+ 6.0 ml/min; p <0.0001), the total phos-
phate removal was higher in prolonged intermittent or con-
tinuous RRT modalities (CVVH 56.7 + 18.9 mmol, SLED
37.6 £9.6 mmol, IHD 29.9 +7.7 mmol; p=0.001). These
results are consistent with the typical behaviour of phosphate
kinetics (two-pool) and confirm that the duration of RRT
treatment is the main factor (r=0.7, p<0.0001) determining
the amount of phosphate removal [46].

Moreover, phosphate clearance during RRT is highly
influenced by the delivered dialysis dose, with the high-
est phosphate clearance observed with high intensity RRT.
Indeed, in two large clinical trials patients receiving the most
intensive RRT modalities experienced a higher incidence of
hypophosphatemia [7, 8]. In particular, in acute renal fail-
ure trial network study, in which different RRT modalities
was employed (IHD, SLED, CRRT), hypophosphatemia
occurred in 17.6% of patients in the intensive-therapy group
as compared to 10.9% in the less intensive-therapy group [7].
In the randomized evaluation of normal vs. augmented level
(RENAL) replacement therapy trial, in which all patients
were treated with CRRT, hypophosphatemia was much more
frequently observed, with an incidence of 54% and 65.1% in
the low- and high-intensity groups, respectively [8].

Effects and prognostic impact

Phosphorus is essential for many physiological functions.
Indeed, it is a component of cellular structures and genetic
material (i.e. membrane phospholipids, nucleic acids,
nucleoproteins) and acts as a factor of intermediate metab-
olism (i.e. source of high-energy bond of the adenosine
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triphosphate). Furthermore, it is a component of 2,3-diphos-
phoglycerate (2,3-DPG), which is involved in the regula-
tion of oxygen delivery. Lastly, phosphorus as phosphates
acts as a buffer for the maintenance of plasma and urinary
pH [3]. Thus, hypophosphatemia is associated with several
clinical manifestations mainly due to cellular dysfunction
in multiple organ systems (e.g., respiratory, cardiovascular,
neuromuscular) induced by an impaired energy metabolism
linked to phosphorus depletion. In the specific setting of
ICU, respiratory failure, muscle weakness, lethargy, con-
fusion, myocardial dysfunction and arrhythmias have been
frequently described in patients with severe and prolonged
hypophosphatemia [3, 5, 47, 48]. In particular, respiratory
muscle weakness may impact on the weaning from mechani-
cal ventilation; indeed, in 321 ICU patients, Demirjian
et al. reported that CRRT-induced phosphate depletion was
associated with a higher incidence of prolonged respira-
tory failure requiring tracheostomy [10]. Furthermore, in
34 hypophosphatemic patients with early stage of sepsis,
Schwartz et al. found that routine intravenous phosphorus
replacement therapy significantly reduced the incidence of
new onset cardiac arrhythmias, at the same time reducing
the need for antiarrhytmic drugs [47]. Moreover, it has been
reported a link between hypophosphatemia and a depletion
of red blood cell 2,3-DPG, leading to a leftward shift in
the O,-haemoglobin dissociation curve and reduced oxygen
unloading in the peripheral tissues [49-51].

Regarding clinical outcome, hypophosphatemia was
associated with a significantly higher ICU and in-hospital
mortality rates in a large and heterogeneous cohort of criti-
cally ill patients [1]. However, the Authors highlighted that
hypophosphatemia was not an independent risk factor for
mortality after adjusting for illness severity and suggested
that low phosphate levels are likely a marker of illness sever-
ity rather than an independent determinant of outcome [1].
In critically ill patients undergoing CRRT for AKI, the ratio
of CVVH days with hypophosphatemia to total days on
CVVH was independently associated with 28-day mortality,
so underlining the need to prevent CRRT-related phosphate
depletion [13].

Management of hypophosphatemia
in the critically ill

Phosphate supplementation

The treatment of hypophosphatemia still represents a matter
of debate, and the threshold phosphate level for intervention
remains unclear. Indeed, although phosphate supplementa-
tion is more commonly prescribed in presence of severe
hypophosphatemia, the need for serum phosphate level cor-
rection may be considered in daily clinical practice also in
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mild to moderate hypophosphatemia, in order to prevent
clinical manifestations [5, 17, 40, 47, 52]. Phosphate sup-
plementation can be given via oral or intravenous routes;
it can be administered as a part of nutritional prescription
(i.e. enteral or total parenteral nutrition) or as a dedicated
phosphate infusion. Especially in patients who receive feed-
ing after a starvation period, additional phosphate should
be added to nutritional preparations, while caloric intake
must be gradually increased to avoid the risk of refeed-
ing syndrome [5, 40]. As to intravenous administration of
phosphate solutions, it is generally recommended in case of
moderate to severe hypophosphatemia and/or in presence of
symptoms associated with low serum phosphate levels. This
strategy is not totally free of complications and should be
cautiously applied. Indeed, phosphate may precipitate with
calcium and magnesium resulting in electrolyte derange-
ments such as hypocalcemia and hypomagnesemia [3, 18,
53]; moreover, potassium phosphate formulations should be
used with a strict monitoring in patients at higher risk for
hyperkalemia [53]. In reference to dose and correction rate,
several replacement schedules have been reported. A phos-
phate dose calculation has been proposed based on serum
phosphate levels and apparent phosphate distribution volume
[additional phosphate dose in mmol=0.5 X body weight x
(1.25-actual serum phosphate expressed in mmol/1)] [17].
Thus, on the basis of calculated phosphate deficit, a solu-
tion containing 0.6 mmol/ml of phosphate could be safely
administered at a phosphate infusion rate up to 10 mmol/h
[17]. This approach appears safe and effective especially for
moderate hypophosphatemia, but it results in a suboptimal

Fig.2 Proposed action plan
for monitoring the trend of
phosphatemia during renal
replacement therapy and for
guiding diagnosis, prevention
and treatment of hypophos-
phatemia in critically ill patients 3.
undergoing CRRT or PIRRT for

Diagnosis

correction in case of severe hypophosphatemia [54]. A lower
infusion rate, up to 4 mmol/h, has been more cautiously sug-
gested elsewhere, in order to avoid electrolyte derangements
related to phosphate precipitation [18, 47].

Prevention of RRT-induced hypophosphatemia

In the specific case of critically ill patients undergoing RRT,
it seems more appropriate to prevent rather than correct
RRT-related hypophosphatemia. Indeed, standard dialysis/
replacement solutions do not contain phosphate, and the use
of these solutions is frequently associated with the onset of
hypophosphatemia, especially during CRRT or PIRRT.

There are two possible approaches in the management of
CRRT-induced hypophosphatemia: phosphate supplementa-
tion by intravenous route or the use of phosphate-containing
CRRT solutions (home-made phosphate enriched solutions
or commercially available phosphate-containing solutions)
(Fig. 2). Unfortunately, due to the complexity of phosphate
kinetics, the amount of phosphate removal during CRRT is
not easily predictable. This very fact complicates the task of
maintaining stable serum phosphate levels throughout the
use of intravenous supplementation. In this regard, it has
been reported that parenteral phosphate supplementation
failed to prevent CVVH-related hypophosphatemia in most
of the patients, suggesting that the use of CRRT phosphate-
containing solutions could represent a more appropriate
approach [13].

The idea of adding phosphate to conventional RRT flu-
ids starts from the experience established in IHD for the

Action plan for the diagnosis, prevention and treatment of hypophosphatemia in critically ill
patients undergoing Renal Replacement Therapies (RRTs)

1. Measure serum phosphate level daily or at least on alternate days as long as the patient undergoes RRTs to
monitor the trend and to promptly identify the occurrence of hypophosphatemia

2. Consider the threshold serum phosphate value of <0.81 mmol/I for the diagnosis of hypophosphatemia

and categorize its severity: mild (<0.81 mmol/l), moderate (<0.61 mmol/l), severe (<0.32 mmol/l)

If CRRT or PIRRT modalities are adopted, select protocols specifically designed for the use of commercially-

available phosphate-containing dialysis solutions

severe acute kidney injury 4. Regardless of baseline serum phosphate levels, start CRRT/PIRRT protocols including phosphate-containing
solutions as roughly 50% of dialysis dose at least within 48 hours from RRT start

5. By monitoring serum phosphate levels (daily or at least on alternate days), modulate the proportion of

Prevention

phosphate-containing solution to tailor RRT phosphate balance according to the target range of

phosphatemia (0.81-1.45 mmol/I)

6. If commercially phosphate-containing solutions are not available in your country, parenteral phosphate
supplementation (e.g., 20-30 mmol/24 hours for standard CRRT dose 25-35 ml/kg/h or 8-hours daily PIRRT)
should be scheduled at least within 48 hours from RRT start to prevent the occurrence of
hypophosphatemia. Home-made phosphate addition to standard dialysis solution should be avoided due to
the risk for human errors and/or contamination

7. If hypophosphatemia occurs despite the above suggested preventive measures, optimize phosphorus
content of nutritional prescription (i.e. enteral or total parenteral nutrition) and, if needed, start additional
intravenous administration of phosphate solutions as suggested below

8. Example of intravenous phosphate correction protocol:

* Calculate phosphate supplementation on the basis of serum phosphate levels and apparent phosphate

Treatment

distribution volume

Additional phosphate dose (mmol) = 0.5 x body weight x (1.25-actual serum phosphate expressed in mmol/l)

+ Give the calculated phosphate dose at an infusion rate up to 4 mmol/h in order to avoid electrolyte
derangements

* Strictly monitor serum calcium, magnesium and potassium levels during intravenous phosphate
supplementation
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treatment of intoxications caused by dialyzable toxins [55,
56]. Indeed, in these cases, the need for maintaining high
clearances over many hours may lead to the development
of severe hypophosphatemia, while phosphate addition to
the acid concentrate has been proven to be a simple and safe
measure to prevent phosphorus depletion. The low pH of
the acid concentrate prevented phosphate precipitation with
calcium, making feasible this preventive strategy [55, 56].
Unlike IHD acid concentrates, CRRT solutions are calcium-
rich, lactate- and/or bicarbonate-based, so the risk of calcium
precipitation with phosphate addition cannot be excluded.
Despite this, the feasibility and safety of adding phosphate
to conventional CRRT fluids have been successfully tested
in both adult and pediatric patients [6, 9]. In particular, the
addition of 2 ml of potassium phosphate (K,HPO,/KH,PO,,
which contains 4.4 mmol/ml of potassium and 3.0 mmol/
ml of phosphate) to the 5 1 bag of Hemosol LG2® solution
(Baxter; sodium 142, potassium 2, calcium 1.75, magnesium
0.75, lactate 40, bicarbonate 0, chloride 109, glucose 6.1,
phosphate 0 mmol/l) and Hemosol BO® solution (Baxter;
sodium 140, potassium 0, calcium 1.75, magnesium 0.50,
lactate 3, bicarbonate 32, chloride 109.5, glucose 0, phos-
phate O mmol/l) was safe. Indeed, no reduction in calcium or
phosphate concentrations occurred in the solutions after 5 h,
and no signs of precipitation were observed in the bag after
48 h. Moreover, a physiological serum phosphate concentra-
tion of 1.2 mmol/l was maintained, and hypophosphatemia
onset was effectively prevented in 20 ICU patients undergo-
ing CRRT [6]. Similar results were obtained in a pediatric
population of 38 patients undergoing CVVH/continuous

Table 2 Commercially-available phosphate-containing RRT solutions

veno-venous hemodiafiltration (CVVHDF) by adding mono-
sodium phosphate to standard dialysate and/or replacement
fluid [9]. The same group conducted a study to determine
the in vitro stability of CRRT solutions up to 48 h after the
addition of different concentrations of monosodium phos-
phate, demonstrating that phosphate concentration remained
stable without significant changes in the pH of the solution
or in the concentrations of the other components (calcium,
magnesium, sodium, glucose) [57]. However, home-made
phosphate-enriched solutions carry potential issues. Indeed,
electrolytes addition to CRRT fluids requires controlled ster-
ile conditions and, even with proper techniques, contamina-
tion remains a theoretical concern, as well as the risk of
human error with incorrect additives or doses [58, 59].

On the basis of the above reported evidences, commer-
cially available phosphate-containing CRRT solutions have
been introduced in many countries over the last few years
(Table 2). The efficacy and safety of these solutions have
been tested both in CVVH [19, 21, 22] and CVVHDF [11,
23-25] (Table 3). The use of a newly introduced commercial
phosphate-containing dialysis fluid was tested for the first
time in 42 ICU patients undergoing CRRT for AKI; they
were divided into 3 subgroups who received, at different
times, CVVHDF with standard dialysate and replacement
solutions (group 1) or with phosphate-containing dialysate
and standard replacement solution (group 2) or with phos-
phate-containing solution as both dialysate and replace-
ment fluid (group 3) [11]. The incidence of hypophos-
phatemia was 79% in group 1; it was significantly lower
(35%) in group 2, while no episodes of hypophosphatemia

Composition Solutions

Biphozyl® (Baxter) Phoxilium® (Baxter)

Ci-Ca® Dialysate K2

Ci-Ca® Dialysate K4

Multi ®@lus dialysate

®lus (Fresenius) ®lus (Fresenius) (Fresenius)
Sodium (mmol/1) 140 140 133 133 140
Potassium (mmol/l) 4 4 2 4 2
Magnesium (mmol/l) 0.75 0.60 1 1 0.75
Chloride (mmol/l) 122 115.9 115.75 117.75 109.7
Phosphate (mmol/l) 1 1.2 1.25 1.25 1
HCO;™ (mmol/l) 22 30 20 20 35
Calcium (mmol/l) 0 1.25 0 0 1.5
Glucose (g/1) 0 0 1 1 1
Clinical use
Dialysate Specifically designed  Conventional CRRT  Specifically designed ~ Specifically designed Conventional CRRT
RCA protocols and RCA protocols RCA protocols RCA protocols
Replacement Specifically designed =~ Conventional CRRT  Not approved for Not approved for Not approved for use as
RCA protocols and RCA protocols use as replacement use as replacement replacement solution

solution

solution

Auvailability and trade name of each solution may vary according to different countries

RRT renal replacement therapy, RCA regional citrate anticoagulation, CRRT continuous renal replacement therapy
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occurred in group 3. However, a mild hyperphosphatemia
(> 1.9 mmol/l) occurred in 14% of patients receiving only
the phosphate-containing solution (group 3) [11]. Moreover,
the new phosphate-containing CRRT solution allowed an
easier serum phosphate level control, also avoiding the rapid
phosphate fluctuations usually observed with intravenous
bolus administration [11]. It has been later reported that a
commercially available phosphate-containing CRRT solu-
tion effectively prevented the decline in serum phosphate
level, avoiding the need for additional intravenous phosphate
supplementation [19, 20] (Fig. 3). However, the use of this
solution as the sole CRRT fluid contributed to induce mild
iatrogenic hyperphosphatemia, relative metabolic acidosis
and hypocalcemia [19, 20]. Based on this evidence, the use
of a phosphate-containing CRRT solution as roughly 50%
of the whole dialysis dose was for the first time described in
the specific setting of regional citrate anticoagulation (RCA)
in a single case report of a patient undergoing RCA-CVVH
for severe AKI after cardiac surgery [21]. This specifically
designed protocol allowed to adequately control acid—base
status and was effective in preventing hypophosphatemia
[21]. Its efficacy has been later confirmed in larger samples
both in RCA-CVVH [22] and RCA-CVVHDF [23, 25]. In
particular, in 75 heart surgery patients treated for a minimum
of 72 h with CVVHDF (roughly 60% for at least 7 days)
using a low concentration citrate solution (18 mmol/l) com-
bined with a commercially available phosphate-containing
solution (1.2 mmol/l), serum phosphate levels were progres-
sively corrected and maintained in a narrow normality range

throughout the RCA-CRRT days of treatment, regardless of
baseline phosphate levels and in absence of other electrolyte
and acid-base derangements (Fig. 3). Moreover, most of the
patients (> 85%) had normal serum phosphates levels within
72 h from CRRT start [25]. Considering the whole obser-
vation period (19,891 h), less than 5% of serum phosphate
determinations met the criteria for hypophosphatemia avoid-
ing the need for phosphate supplementation in most of the
patients [25]. The efficacy of the same phosphate-containing
dialysate solution in reducing episodes of hypophosphatemia
has been confirmed, in combination with phosphate-free
replacement fluid, also in standard CVVHDF [24]; in par-
ticular, during the observation period, the number of treat-
ment days resulting in hypophosphatemia was significantly
lower for patient treated with the new solution (7.4%) if
compared with control group (15.6%). In addition, no impact
on acid-base and calcium balance was detected [24].

Although specific studies are not yet available, the use
of phosphate-containing solutions could be proposed and
successfully implemented also in PIRRT.

Conclusion

Hypophosphatemia is a frequent, but often underrated issue
in the critically ill. Multiple risk factors can be involved in
the onset of hypophosphatemia in the ICU patients; among
them, the negative phosphate balance which characterizes
prolonged intermittent or continuous RRT modalities with

CVVH 100% ph

Chua et al. Blood Purif. 2012

ontaining

Phosphate-containing replacement

solution (mmol/l):
HPOZ 1.2 HCOy 30
Na* 140
Ca?* 1.25

K*4

cr 1159

Pre-dilution (50%)
Mg?* 0.6

parin

Hey
510 Ullkg/h

Post-dilution (50%)

Prescribed dialysis dose 30 mikg/h

CVVHDF =50% ph

Pistolesi et al. Blood Purif. 2017

Phosphate-containing dialysate and
replacement solution (mmol/l):

HPOZ 1.2 HCOy 30

Na* 140 cr 1159

Ca? 125 Mg?* 0.6

K4

0.529% Citrate solution
(citrate 18 mmolfl)

Flow-rate related to Qb
and target citratemia

500 mi/h
(fixed flow rate)

Flow-rate modulated
P "

CRRT dose

Target citratemia: CaCl, (10%)
2.5-3 mmolll (separate central line)

line.

Effluent

Prescribed dialysis dose, corrected for pre-dilution,
at least 25 milkg/h

CRRT protocol Serum phosphate level during CRRT

(mmol/I), median (IQR)

Hypophosphatemia
(P<0.81 mmol/l)

Hyperphosphatemia Potential issues

(P>1.4 mmol/l)

1.44 (1.23-1.78) (36-42 h after CVWH

Chua et al., 2012 .
starting)

0% (36-42 h after CVVH starting)

Hyperphosphatemia and/or mild metabolic

46.7% (36-42 h after CVVH starting) acidosis

1.10 (0.91-1.36) (72 h after CVWHDF

Pistolesi et al., 2017 starting)

3% (72 h after CVVHDF starting)

Persistent needs of phosphate supplementation

f .
9% (72 h after CVVHDF starting) in a small proportion of patients

Fig.3 Schematic representation of two CRRT protocols designed
by using commercially available phosphate-containing solutions in
standard CVVH setting (a) and in RCA-CVVHDF setting (b). Stand-
ard CVVH was performed by using the phosphate-containing solu-

tion as 100% of dialysis dose, while RCA-CVVHDF was performed
by using the phosphate-containing solution as roughly 50% of dialysis
dose. The main findings reported with the two different protocols are
displayed in the table
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standard dialysis/replacement solutions represents the main
causal factor of phosphate depletion in critically ill patients
with severe AKI. Persistent hypophosphatemia, especially
if severe, may worsen main outcomes, and may lead to rel-
evant clinical manifestations such as respiratory muscle
weakness, delay in weaning from mechanical ventilation,
and cardiac arrhythmias. Thus, any strategy aimed at reduc-
ing the incidence and the severity of hypophosphatemia
should be timely implemented in ICUs. In particular, in the
specific case of RRT-related hypophosphatemia, it appears
reasonable and more appropriate to anticipate its occurrence
through the use of phosphate-containing dialysis solutions.
The efficacy and safety of this approach was successfully
tested in different CRRT modalities and even in the setting of
RCA-CRRT; indeed, the adoption of phosphate-containing
solutions allows to effectively prevent hypophosphatemia,
minimizing or avoiding the need for additional phosphate
infusion by parenteral route.

On the basis of the more recent experiences, it could be
suggested that the modulation of the proportion of CRRT
dose given as phosphate-containing solution may allow
to tailor CRRT phosphate balance according to the sin-
gle patient needs. Indeed, although it should be taken into
account that the fixed concentration of commercially availa-
ble phosphate-containing solutions, actually ranging around
1-1.2 mmol/l, could not be able to fit all clinical situations,
the variable combination of phosphate-containing and con-
ventional CRRT solutions, according to the rapidly evolving
clinical setting of AKI patients, may allow to meet clinical
needs in most of the patients.

Author contributions VP, LZ and SM had the idea for the review, per-
formed the literature search and data analysis, and drafted the work.
EF, GR and LT critically revised the work.

Compliance with ethical standards

Conflict of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Ethical approval This article does not contain any studies with human
participants performed by any of the authors.

Informed consent Not applicable.

References

1. Suzuki S, Egi M, Schneider AG, Bellomo R, Hart GK, Hegarty
C (2013) Hypophosphatemia in critically ill patients. J Crit Care
28:536

2. Ronco C, Ricci Z, De Backer D, Kellum JA, Taccone FS, Joan-
nidis M, Pickkers P, Cantaluppi V, Turani F, Saudan P, Bellomo
R, Joannes-Boyau O, Antonelli M, Payen D, Prowle JR, Vincent

@ Springer

10.

11.

12.

13.

14.

15.

16.

JL (2015) Renal replacement therapy in acute kidney injury: con-
troversy and consensus. Crit Care 19:146

Bugg NC, Jones JA (1998) Hypophosphataemia. Pathophysiology,
effects and management on the intensive care unit. Anaesthesia
53:895-902

Kim SY, Kim YN, Shin HS, Jung Y, Rim H (2017) The influence
of hypophosphatemia on outcomes of low- and high-intensity
continuous renal replacement therapy in critically ill patients
with acute kidney injury. Kidney Res Clin Pract 36:240-249
Geerse DA, Bindels AJ, Kuiper MA, Roos AN, Spronk PE,
Schultz MJ (2010) Treatment of hypophosphatemia in the inten-
sive care unit: a review. Crit Care 14:R147

Troyanov S, Geadah D, Ghannoum M, Cardinal J, Leblanc M
(2004) Phosphate addition to hemodiafiltration solutions dur-
ing continuous renal replacement therapy. Intensive Care Med
30:1662-1665

VA/NIH Acute Renal Failure Trial Network, Palevsky PM,
Zhang JH, O’Connor TZ, Chertow GM, Crowley ST, Choud-
hury D, Finkel K, Kellum JA, Paganini E, Schein RM, Smith
MW, Swanson KM, Thompson BT, Vijayan A, Watnick S, Star
RA, Peduzzi P (2008) Intensity of renal support in critically ill
patients with acute kidney injury. N Engl J Med 359:7-20
RENAL Replacement Therapy Study Investigators, Bellomo
R, Cass A, Cole L, Finfer S, Gallagher M, Lo S, McArthur
C, McGuinness S, Myburgh J, Norton R, Scheinkestel C, Su
S (2009) Intensity of continuous renal-replacement therapy in
critically ill patients. N Engl ] Med 361:1627-1638

Santiago MJ, Lépez-Herce J, Urbano J, Bellon JM, del Castillo
J, Carrillo A (2009) Hypophosphatemia and phosphate sup-
plementation during continuous renal replacement therapy in
children. Kidney Int 75:312-316

Demirjian S, Teo BW, Guzman JA, Heyka RJ, Paganini EP, Fis-
sell WH, Schold JD, Schreiber MJ (2011) Hypophosphatemia
during continuous hemodialysis is associated with prolonged
respiratory failure in patients with acute kidney injury. Nephrol
Dial Transplant 26:3508-3514

Broman M, Carlsson O, Friberg H, Wieslander A, Godaly
G (2011) Phosphate-containing dialysis solution prevents
hypophosphatemia during continuous renal replacement ther-
apy. Acta Anaesthesiol Scand 55:39-45

Maynar Moliner J, Honore PM, Sanchez-Izquierdo Riera JA,
Herrera Gutiérrez M, Spapen HD (2012) Handling continu-
ous renal replacement therapy-related adverse effects in inten-
sive care unit patients: the dialytrauma concept. Blood Purif
34:177-185

Yang Y, Zhang P, Cui Y, Lang X, Yuan J, Jiang H, Lei W, Lv R,
Zhu Y, Lai E, Chen J (2013) Hypophosphatemia during continu-
ous veno-venous hemofiltration is associated with mortality in
critically ill patients with acute kidney injury. Crit Care 17:R205
Park JT, Lee H, Kee YK, Park S, Oh HJ, Han SH, Joo KW, Lim
CS, Kim YS, Kang SW, Yoo TH, Kim DK, HICORES Inves-
tigators (2016) High-dose versus conventional-dose continuous
venovenous hemodiafiltration and patient and kidney survival
and cytokine removal in sepsis-associated acute kidney injury: a
randomized controlled trial. Am J Kidney Dis 68:599-608

Lim C, Tan HK, Kaushik M (2017) Hypophosphatemia in criti-
cally ill patients with acute kidney injury treated with hemodialy-
sis is associated with adverse events. Clin Kidney J 10:341-347
Talakoub R, Bahrami M, Honarmand A, Abbasi S, Gerami H
(2017) The predicting ability of serum phosphorus to assess the
duration of mechanical ventilation in critically ill patients. Adv
Biomed Res 6:51

. Bech A, Blans M, Raaijmakers M, Mulkens C, Telting D, de Boer

H (2013) Hypophosphatemia on the intensive care unit: individu-
alized phosphate replacement based on serum levels and distribu-
tion volume. J Crit Care 28:838-843



Journal of Nephrology (2019) 32:895-908

907

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Agarwal B, Walecka A, Shaw S, Davenport A (2014) Is parenteral
phosphate replacement in the intensive care unit safe? Ther Apher
Dial 18:31-36

Chua HR, Baldwin I, Ho L, Collins A, Allsep H, Bellomo R
(2012) Biochemical effects of phosphate-containing replacement
fluid for continuous venovenous hemofiltration. Blood Purif
34:306-312

Chua HR, Schneider AG, Baldwin I, Collins A, Ho L, Bellomo
R (2013) Phoxilium vs hemosol-BO0 for continuous renal replace-
ment therapy in acute kidney injury. J Crit Care 28:884.e7-884.
el4

Morabito S, Pistolesi V, Tritapepe L, Zeppilli L, Polistena F, Fiac-
cadori E, Pierucci A (2013) Regional citrate anticoagulation in
CVVH: a new protocol combining citrate solution with a phos-
phate-containing replacement fluid. Hemodial Int 17:313-320
Morabito S, Pistolesi V, Tritapepe L, Vitaliano E, Zeppilli L,
Polistena F, Fiaccadori E, Pierucci A (2013) Continuous veno-
venous hemofiltration using a phosphate-containing replacement
fluid in the setting of regional citrate anticoagulation. Int J Artif
Organs 36:845-852

Morabito S, Pistolesi V, Tritapepe L, Vitaliano E, Zeppilli L,
Polistena F, Fiaccadori E, Pierucci A (2013) Continuous veno-
venous hemodiafiltration with a low citrate dose regional antico-
agulation protocol and a phosphate-containing solution: effects
on acid-base status and phosphate supplementation needs. BMC
Nephrol 14:232

Godaly G, Carlsson O, Broman M (2016) Phoxilium(®) reduces
hypophosphataemia and magnesium supplementation during con-
tinuous renal replacement therapy. Clin Kidney J 9:205-210
Pistolesi V, Zeppilli L, Polistena F, Sacco MI, Pierucci A, Trita-
pepe L, Regolisti G, Fiaccadori E, Morabito S (2017) Preventing
continuous renal replacement therapy-induced hypophosphatemia:
an extended clinical experience with a phosphate-containing solu-
tion in the setting of regional citrate anticoagulation. Blood Purif
44:8-15

Fiaccadori E, Coffrini E, Ronda N, Vezzani A, Cacciani G, Frac-
chia C, Rampulla C, Borghetti A (1990) Hypophosphatemia in
course of chronic obstructive pulmonary disease. Prevalence,
mechanisms, and relationships with skeletal muscle phosphorus
content. Chest 97:857-868

Fiaccadori E, Coffrini E, Fracchia C, Rampulla C, Montagna T,
Borghetti A (1994) Hypophosphatemia and phosphorus depletion
in respiratory and peripheral muscles of patients with respiratory
failure due to COPD. Chest 105:1392-1398

Jung SY, Kim H, Park S, Jhee JH, Yun HR, Kim H, Kee YK,
Yoon CY, Oh HJ, Chang TI, Park JT, Yoo TH, Kang SW, Lee H,
Kim DK, Han SH (2016) Electrolyte and mineral disturbances in
septic acute kidney injury patients undergoing continuous renal
replacement therapy. Medicine (Baltimore) 95:e4542
Thongprayoon C, Cheungpasitporn W, Mao MA, Sakhuja A,
Erickson SB (2018) Admission hyperphosphatemia increases the
risk of acute kidney injury in hospitalized patients. J Nephrol
31:241-247

Barak V, Schwartz A, Kalickman I, Nisman B, Gurman G, Shoe-
nfeld Y (1998) Prevalence of hypophosphatemia in sepsis and
infection: the role of cytokines. Am J Med 104:40—47

Berger MM, Rothen C, Cavadini C, Chiolero RL (1997) Exudative
mineral losses after serious burns: a clue to the alterations of mag-
nesium and phosphate metabolism. Am J Clin Nutr 65:1473-1481
Polderman KH, Bloemers FW, Peerdeman SM, Girbes AR (2000)
Hypomagnesemia and hypophosphatemia at admission in patients
with severe head injury. Crit Care Med 28:2022-2025

Buell JF, Berger AC, Plotkin JS, Kuo PC, Johnson LB (1998)
The clinical implications of hypophosphatemia following major
hepatic resection or cryosurgery. Arch Surg 133:757-761

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Cohen J, Kogan A, Sahar G, Lev S, Vidne B, Singer P (2004)
Hypophosphatemia following open heart surgery: incidence and
consequences. Eur J Cardiothorac Surg 26:306-310

Salem RR, Tray K (2005) Hepatic resection-related hypophos-
phatemia is of renal origin as manifested by isolated hyperphos-
phaturia. Ann Surg 241:343-348

Morimatsu H, Uchino S, Bellomo R, Ronco C (2002) Continu-
ous veno-venous hemodiafiltration or hemofiltration: impact on
calcium, phosphate and magnesium concentrations. Int J Artif
Organs 25:512-519

Song YH, Seo EH, Yoo YS, Jo YI (2019) Phosphate supplemen-
tation for hypophosphatemia during continuous renal replace-
ment therapy in adults. Ren Fail 41:72-79

Sun Z, Ye H, Shen X, Chao H, Wu X, Yang J (2014) Continu-
ous venovenous hemofiltration versus extended daily hemofiltra-
tion in patients with septic acute kidney injury: a retrospective
cohort study. Crit Care 18:R70

Albino BB, Balbi AL, Abrao JM, Ponce D (2015) Dialysis com-
plications in acute kidney injury patients treated with prolonged
intermittent renal replacement therapy sessions lasting 10 ver-
sus 6 hours: results of a randomized clinical trial. Artif Organs
39:423-431

Terlevich A, Hearing SD, Woltersdorf WW, Smyth C, Reid D,
McCullagh E, Day A, Probert CS (2003) Refeeding syndrome:
effective and safe treatment with phosphates polyfusor. Aliment
Pharmacol Ther 17:1325-1329

Chanchal R, Gupta S, Kanta C, Singh K, Koonwar S (2018)
Hypophosphataemia in severe acute malnutrition: a prospective
observational study. Br J Nutr 17:1-6

Bollaert PE, Levy B, Nace L, Laterre PF, Larcan A (1995)
Hemodynamic and metabolic effects of rapid correction
of hypophosphatemia in patients with septic shock. Chest
107:1698-1701

Sykes L, Nipah R, Kalra P, Green D (2018) A narrative review
of the impact of interventions in acute kidney injury. J Nephrol
31:523-535

Kidney Disease: Improving Global Outcomes (KDIGO) Acute
Kidney Injury Work Group (2012) KDIGO clinical practice
guideline for acute kidney injury. Kidney Int Suppl S2:1-138
Pistolesi V, Di Napoli A, Fiaccadori E, Zeppilli L, Polistena
F, Sacco MI, Regolisti G, Tritapepe L, Pierucci A, Morabito S
(2016) Severe acute kidney injury following cardiac surgery:
short-term outcomes in patients undergoing continuous renal
replacement therapy (CRRT). J Nephrol 29:229-239
Ratanarat R, Brendolan A, Volker G, Bonello M, Salvatori
G, Andrikos E, Yavuz A, Crepaldi C, Ronco C (2005) Phos-
phate kinetics during different dialysis modalities. Blood Purif
23:83-90

Schwartz A, Brotfain E, Koyfman L, Kutz R, Gruenbaum SE,
Klein M, Zlotnik A (2014) Association between hypophos-
phatemia and cardiac arrhythmias in the early stage of sepsis:
could phosphorus replacement treatment reduce the incidence of
arrhythmias? Electrolyte Blood Press 12:19-25

Ariyoshi N, Nogi M, Ando A, Watanabe H, Umekawa S (2017)
Cardiovascular consequences of hypophosphatemia. Panminerva
Med 59:230-240

Chanutin A, Hermann E (1969) The interaction of organic and
inorganic phosphates with hemoglobin. Arch Biochem Biophys
131:180-184

Lichtman MA, Miller DR, Cohen J, Waterhouse C (1971) Reduced
red cell glycolysis, 2, 3-diphosphoglycerate and adenosine triphos-
phate concentration, and increased hemoglobin-oxygen affinity
caused by hypophosphatemia. Ann Intern Med 74:562-568
Sharma S, Brugnara C, Betensky RA, Waikar SS (2015) Reduc-
tions in red blood cell 2,3 diphosphoglycerate concentration

@ Springer



908

Journal of Nephrology (2019) 32:895-908

52.

53.

54.

55.

56.

during continuous renal replacement therapy. Clin ] Am Soc
Nephrol 10:74-79

Rosen GH, Boullata JI, O’Rangers EA, Enow NB, Shin B (1995)
Intravenous phosphate repletion regimen for critically ill patients
with moderate hypophosphatemia. Crit Care Med 23:1204-1210
Shajahan A, Ajith Kumar J, Gireesh Kumar KP, Sreekrishnan
TP, Jismy K (2015) Managing hypophosphatemia in critically ill
patients: a report on an under-diagnosed electrolyte anomaly. J
Clin Pharm Ther 40:353-354

Engwerda E, Van den Berg M, Blans M, Bech A, De Boer H
(2018) Efficacy and safety of a phosphate replacement strategy
for severe hypophosphatemia in the ICU. Neth J Med 76:437-441
Chow MT, Lin HJ, Mitra EA, Singh S, Lee E, Leehey DJ, Ing TS
(1998) Hemodialysis-induced hypophosphatemia in a normophos-
phatemic patient dialyzed for ethylene glycol poisoning: treatment
with phosphorus-enriched hemodialysis. Artif Organs 22:905-907
Dorval M, Pichette V, Cardinal J, Geadah D, Ouimet D, Leblanc
M (1999) The use of an ethanol- and phosphate-enriched dialysate

@ Springer

57.

58.

59.

to maintain stable serum ethanol levels during haemodialysis for
methanol intoxication. Nephrol Dial Transplant 14:1774-1777
Santiago MJ, Lépez-Herce J, Muiioz R, del Castillo J, Urbano J,
Solana MJ, Botran M (2011) Stability of continuous renal replace-
ment therapy solutions after phosphate addition: an experimental
study. Ther Apher Dial 15:75-80

Heung M, Mueller BA (2018) Prevention of hypophosphatemia
during continuous renal replacement therapy—an overlooked
problem. Semin Dial 31:213-218

Shaw AR, Chaijamorn W, Clark JS, Mueller BA (2018) Prepara-
tion times and costs for various solutions used for continuous renal
replacement therapy. Am J Health Syst Pharm 75:808-815

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Hypophosphatemia in critically ill patients with acute kidney injury on renal replacement therapies
	Abstract
	Introduction
	Methods
	Hypophosphatemia in critically ill patients
	Definition and epidemiology
	Etiology
	RRT-induced hypophosphatemia
	Effects and prognostic impact

	Management of hypophosphatemia in the critically ill
	Phosphate supplementation
	Prevention of RRT-induced hypophosphatemia

	Conclusion
	References




