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L. Bartter’s original description of phosphorus-depletion syndrome in man

Lotz and Bartter were the first to describe phosphorus-depletion syndrome in man and
its association with clinical signs and symptoms (1). Given the ubiquitous nature of
dietary phosphorus, it was believed by some that phosphorus depletion could not occur.
They studied three normal patients, two patients with hypoparathyroidism and one with
pseudohypoparathyroidism in a controlled GCRC environment. Patients were given
magnesium and aluminum hydroxide in combination four times daily in order to induce
phosphorus depletion. Results of a balance study in a normal female volunteer are shown
in Figure 1.
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within 5-7 days.
There was increased
GI calcium
reabsorption and
hypercalciuria.
After 14-21 days
phosphorus balance
became negative.
Skeletal calcium
and phosphorus
resorption
increased. Severe
symptomatic
hypophosphatemia
occurred after 75
days of antacid
treatment. Subjects
complained of

anorexia, weakness, bone pain, and malaise. Symptoms reversed several days after

antacids were discontinued.

Bartter drew a variety of conclusions from the data that later would be confirmed

when more sophisticated analytic tools became available. He noted that decreased urinary
phosphorus excretion was not dependent on a reduced filtered load. He postulated that the
mechanism leading to renal phosphorus conservation must be very sensitive given that
total body phosphorus was depleted by only one gram out of a total of approximately 700
grams, and that cellular phosphorus concentration played a role in the regulatory process
in kidney. It is now know that proximal tubular phosphorus reabsorption is mediated via
a Na-phosphate cotransporter that is regulated by dietary phosphorus (2). Since
hypercalciuria was reversed by phosphorus administration Bartter suspected that
phosphorus played a direct role in renal tubular calcium reabsorption. This was
confirmed in micropuncture studies by Agus (3). Intestinal calcium reabsorption was
increased. This was subsequently shown to be mediated via a hypophosphatemia-induced
increase in calcitriol concentration.



II. Clinical consequences of hypophosphatemia
Rhabdomyolysis

Fuller and Knochel at the Dallas VA examined the effect of chronic
hypophosphatemia on muscle function and composition in dogs fed a low phosphorus
diet for 4 weeks. During phosphorus depletion, average resting transmembrane electrical
potential difference (Em) fell and muscle Na*, CI', and water content increased. After 4
weeks of phosphorus repletion, these values returned toward control. The authors
concluded that moderate phosphorus depletion can induce reversible changes in skeletal
muscle composition and transmembrane potential in dogs (4). The same group found that
subclinical myopathy (induced by starvation in dogs) may set the stage for
rhabdomyolysis if acute, severe hypophosphatemia is superimposed (5). A muscle biopsy
from one of the dogs in the study is shown in Figure 2.
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The majority of cases
of hypophosphatemia-associated rhabdomyolysis in humans were reported in alcoholics
(7). Hypophosphatemia is frequently observed in alcoholic patients due to a combination
of several pathophysiological mechanisms, such as increased GI phosphorus loss from
diarrhea, inappropriate phosphaturia, and phosphorus shifts from the extracellular to the
intracellular space (8). In hospitalized patients these factors can be compounded by
alcohol withdrawal and/or alcoholic ketoacidosis. Hyperventilation with resultant
respiratory alkalosis and dextrose-containing fluid infusion further adds to
hypophosphatemia by stimulating phosphorus movement into cells. The resultant
hypophosphatemia can further accentuate the direct toxicity of alcohol on striated muscle
and worsen alcoholic myopathy (9).

Two studies in humans, however, did not detect a relationship between
hypophosphatemia and serum CPK levels (10,11). In both reports hypophosphatemia was
moderate, range 0.9-2.0 mg/dL and 1.1-2.4 mg/dL, respectively. In the first of these
studies, 36% of 129 patients admitted to hospital with hypophosphatemia were diagnosed
with rhabdomyolysis. Hypophosphatemic rhabdomyolysis was defined as an increase in
CPK concentration greater than 1'% times the upper limit of normal, with no other
associated cause, that subsequently normalized. Mean serum phosphorus concentration
was 1.6 mg/dL and was not significantly lower in those that either did or did not develop
rhabdomyolysis. The mean CPK concentration was §72+110 IU/L (range 233 to 3,933
IU/L). Rhabdomyolysis was diagnosed on routine laboratory testing and no patient had
related signs or symptoms (11). Elevated serum concentrations of sodium, chloride,




glucose, blood urea nitrogen, and uric acid, were associated with the occurrence of
rhabdomyolysis in the hypophosphatemic state. The concentration differences, however,
between those that developed rhabdomyolysis and those that did not were small although
statistically significant they are of questionable clinical importance.

Given the small numbers of case reports and presence of coexistent metabolic
abnormalities that were also implicated as etiologies of rhabdomyolysis, it is difficult to
establish a strong cause and effect relationship between hypophosphatemia and
rhabdomyolysis in any individual patient. Taken together, these studies indicate that
moderate hypophosphatemia is not associated with rhabdomyolysis. Severe
hypophosphatemia in the setting of subclinical muscle injury may be associated with
rhabdomyolysis that infrequently results in clinical sequellae.

Hemolysis

ATP is required for the maintenance of red cell biconcavity and viability in the
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circulation (12,13). ATP depletion is associated with the formation of microspherocytes
shown in Figure 3. There are more than a dozen case reports of hypophosphatemia-
associated hemolytic anemia. The majority occurred in patients with severe
hypophosphatemia with one exception (14-17). A child with marked hyperphosphatemia
from the administration of phosphorus-containing enemas developed hemolytic anemia
during a therapeutically- induced abrupt fall in serum phosphorus concentration (58
mg/dL to 1.7 mg/dL).

In Figure 4 red cell survival studies in a patient with severe hypophosphatemia
showed a shortened survival on admission. Serum phosphorus concentration was 0.1
mg/dL. Red cell deformability was also markedly reduced. Microspherocytosis was noted
in the peripheral smear. Phosphorus was repleted and these abnormalities reversed. Red
cell ATP levels correlated with serum phosphorus concentration and are shown in Table
1. During the first 7 days of admission red cell ATP levels were less than 15% of control
values.



Hypophosphatemia can
result in alterations of red cell
glycolytic intermediates and
oxygen transport. These
alterations include marked
reduction in erythrocyte ATP
and 2,3-DPG levels. With the
decrease in ATP and 2,3-

— DPG concentrations, there is
—~ an increased affinity of
oxygen for hemoglobin,
reflected by a drop in P50.
The fall in ATP decreases red
cell hexokinase activity and
increases phosphofructokinase
activity. As a result red cell
concentrations of glucose-6-
phosphate and fructose-6-
phosphate are reduced and
there is an accumulation of
triose phosphates (18).
Phosphorus depletion reduces
the activity of glyceraldehyde
3-P dehydrogenase with a
decrease in concentration of
products distal to the enzyme
(Figure 5). The degree of
hemolysis is often profound
with falls in hematocrit from
normal values to 15-20%.
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Table 1
Hospital day Junoles/gm of Hb % of normal
4 0.39 11
7 0.46 13
9 1.54 44
11 1.80 51
16 2.24 64
21 3.40 97
30 5.50 157



Glucose ==p Glucose-GP ==p Fructose G-P ==p Fructose L.6diP ==p Glyceraldehyde 3-P
Hexokinase Phosphofructokinase
ATP =» ADP ATP = ADP

G-3-P dehydrogenase
NAD == NADH
Pi

1.3 DPG +—>r 23DPG

}

3-phosphoglycerate
2-phosphoglycerate

Figure 5 phosphoenolpyruvate

Leukocyte dysfunction

In animal studies hypophosphatemia also causes a reduction in leukocyte ATP
content, significant reduction of neutrophil phagocytosis, intracellular killing,
consumption of oxygen, and generation of superoxide during phagocytosis (19,20). The
high rate of sepsis during hyperalimentation may in part result from acquired
dysfunctions in chemotaxis and phagocytosis by leukocytes as a consequence of
hypophosphatemia induced by refeeding (19). Although there is good evidence in animal
models that hypophosphatemia impairs leukocyte function, there is no compelling
evidence in animals or humans that this is associated with an increased infection risk.

Respiratory failure
Table 2
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Storm studied 566 consecutive patients undergoing cardiac surgery shown in Table 2
(29). Severe hypophosphatemia defined as a serum phosphorus concentration < 1.5
mg/dL, was present in 34.3%. Mean serum phosphorus concentration in this group of



patients was 0.88+0.4 mg/dL. A control group had a mean serum phosphorus
concentration of 2.62+0.25 mg/dL. Hypophosphatemic patients had a prolonged time on
the ventilator, an increase in length of hospital stay, and use of more cardioactive drugs.
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Gravelyn measured
maximal inspiratory pressure
(MIP) and maximal expiratory
pressure (MEP) at the bedside
in hospitalized patients with
serum phosphorus
concentrations less than 2.5
mg/dL. These measurements
were repeated daily during
phosphorus repletion until
serum phosphorus
concentration reached the
normal range. The majority of
hypophosphatemic patients, but
none of the control patients

exhibited respiratory muscle weakness defined by low MIP (less than 40 cm H,O) or
MEP (less than 70 cm H,0) that improved after phosphorus repletion. Mean serum
phosphorus concentration of these 23 patients was 1.9+0.4 mg/dL. Twelve patients had a
serum phosphorus concentration <2.0 mg/dL, and 4 had serum phosphorus concentrations
between 1.0 and 1.5 mg/dL. There was a relationship between the decrease in MIP and
the severity of hypophosphatemia (Figure 6) (30). In contrast to other reports, there was a
group of patients with moderate hypophosphatemia without respiratory muscle weakness.

Pdi (cm H,0)- post infusion

Hypophosphatemia
also impairs the
contractile properties of
the diaphragm
during acute respiratory
failure (31). In a group of
8 patients with moderate
hypophosphatemia and
acute respiratory failure
requiring mechanical
ventilation, diaphragmatic
function was evaluated
pre and post phosphorus
infusion.
Transdiaphragmatic
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pressure generated at
functional residual
capacity during bilateral
supramaximal electrical



stimulation of the phrenic nerves was measured. Transdiaphragmatic pressure increased
in all 8 patients from a mean of 9.8+3.8 cm H,O to 17.2543.8 cm H,0 (Figure 7). The
increase correlated with the change in serum phosphorus concentration. A representative
pressure tracing is shown in Figure 8.
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Agusti measured the maximal
inspiratory pressure (the negative
pressure generated during
inspiration from functional
residual capacity) in a ventilated
patient with severe
hypophosphatemia during
phosphorus repletion (32). He
found a high degree of
correlation between serum
phosphorus concentration and
05 — ® maximal inspiratory pressure

(Figure 9).
0 I T A R Hypophosphatemia is
common in patients with COPD.
In one study, hypophosphatemia
(serum phosphorus concentration
<2.5 mg/dL) was found in 34
(21.5%) of 158 patients (33). Hypophosphatemia was not associated with severity of
respiratory illness. Indices of renal phosphorus handling were’compatible with an
inappropriately high phosphorus excretion given the degree of hypophosphatemia (low
percent tubular phosphorus reabsorption, low renal phosphate threshold TmPO4/GFR
values). Prevalence of hypophosphatemia was significantly higher among COPD patients
taking one or more drugs known to increase renal phosphorus excretion including:
xanthine derivatives; corticosteroids; loop diuretics; and beta 2-adrenergic
bronchodilators. In another study, while muscle phosphorus content of both peripheral
and respiratory muscles (intercostals muscles) of COPD patients was also reduced, a
relationship between muscle and serum phosphorus concentration was demonstrable only
in peripheral muscle (34). COPD is a condition where serum phosphorus concentration
may not be representative of cellular phosphorus stores.
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In summary, diaphragmatic contractility can be improved with correction of severe,
as well as moderate hypophosphatemia. One should monitor serum phosphorus
concentration carefully in intubated patients and correct it into the normal range if
possible.

Myocardial performance
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capillary wedge pressure (35). The effect on pulmonary capillary wedge pressure is
shown in Figure 10. An increase in stroke work at the same or lower pulmonary capillary
wedge pressure with the same or higher afterload is indicative of increased myocardial
contractility. Vered reported that chronic hypophosphatemia (serum phosphorus
concentration 1.6-2.0 mg/dL) did not cause left ventricular dysfunction (36). This
discrepancy may be related to the different mean serum phosphorus concentrations of
patients in these two studies. While the mean serum phosphorus concentration in
O’Connor’s study was 0.97 mg/dL, in Vered’s report it was much higher, 1.88 mg/dL. In
addition, O’Connor’s patients were critically ill ICU patients, while Vered examined
stable outpatients.

Davis showed that improvement in left ventricular performance (Figure 11) after
correction of hypophosphatemia was seen only in patients with severe hypophosphatemia
(0.9£0.15 mg/dL) and not in those with moderate hypophosphatemia (1.4+0.11 mg/dL)
(37). In 11 patients without clinical evidence of congestive heart failure he employed a
combination of EKG, phonocardiography and carotid pulse tracings to measure
myocardial contractility. These were used to determine the preejection period (PEP)
which is a measure of isovolemic contraction time, and the left ventricular ejection time
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(LVET) which is a measure of stroke volume. The ratio of PEP/LVET is a sensitive index
of myocardial dysfunction and is highly correlated with angiographic ejection fraction.
An increased ratio is an indicator of myocardial dysfunction representing either an
increase in PEP or decrease in LVET.

Fig 11 Severe hypophosphateniia
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Two additional studies confirmed that moderate hypophosphatemia does not cause
myocardial dysfunction. Vered examined 10 patients (aged 5-18 years) with X-linked
hypophosphatemic rickets and mean serum phosphorus concentration of 2.6+0.5 mg/dL.
He found no evidence of left ventricular dysfunction as measured by echocardiography in
this human model of long-standing hypophosphatemia. The lowest serum phosphorus
concentration in these patients was 1.5 mg/dL (38). Rasmussen studied 16 patients after
colon or rectal surgery with glucose-induced hypophosphatemia (39). Serum phosphorus
concentration declined to a mean of 1.47+0.28 mg/dL after 2 days. There was no change
in stroke volume, cardiac output or mean arterial pressure (Table 3).

G Dav 1 Day 2

Preinfusion Postinfusion Preinfusion Postinfusion
Phosphorus (ing/dL) 2,93 2.09 2.22 1.47
Stroke voluine (ml) 50 50 50 49
Cardiac output (L/min) 4.12 4.3 3.85 3.63
MAP (mmmHg) 93 95 93 95
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Two subsequent reports confirmed that acute severe hypophosphatemia does affect
myocardial performance. Zazzo studied 8 SICU patients with mean serum phosphorus
concentration of 1.00+0.38 mg/dL and noted that short-term phosphorus infusion
increased cardiac index, stroke index, and left ventricular stroke work index with no
change in mean arterial pressure (Table 4) (40).

Table 4

Parameter Preinfusion

Post infusion

p value

Phosphorus (mg/dL) 1.00x.38

CI (L/min m?) 3.82+1.97
ST (nl/n?) 36.4+ 14.8
LVSWI (g-mn?) 44.2 £ 23.9
MAP (inmHg) 91 + 14
Figure 12
Parameter Preinfusion  Post mfusion
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LVSWI (g-m:m?2) 238+100 27.5+8.%

MAP (mmHg) 70x11 7411

266+ 1.4
452+ 1.83

42.3+13.8

2.4+ 24.6
91 + 15

=

o

g

[=]

S

001 2

a

NS =

g

-+ 0.01 A

NS

"h
o

=
=

o
<

1)
=]

—
==l

=
o

< 0.01
< 0.01

< 0.01

< 0.01

NS

LVSWI (g-m:m?)

Bollaert examined 10 patients with septic shock and hypophosphatemia (41). An infusion
of 20 mmoles of phosphorus was given over 1 hour. Left ventricular stroke work index
increased significantly (23.8+10 g/m? to 27.5+8.5 g/m?) but there was no change in
cardiac index or mean arterial pressure. As can be seen in Figure 12 the greatest response
was noted in three patients with severe hypophosphatemia.
Case reports of clinical congestive heart failure are rare. An initial report of three
patients with antacid-induced hypophosphatemia and congestive heart failure was
subsequently retracted (42).There are three additional reports of clinical congestive heart
failure associated with hypophosphatemia that reversed with repletion (43-45). The best
documented occurred in a 39 year old woman with alcoholic ketoacidosis and a serum

phosphorus concentration of 0.5 mg/dL (45).
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Two studies examined the relationship between serum phosphorus concentration and
cardiac arrythmias. In the first, low serum phosphorus concentration (less than 2.6
mg/dL) was a significant predictor of ventricular tachycardia in patients with a recent
myocardial infarction (46). The investigators examined 325 consecutive patients admitted
to a CCU over a six month period, 111 were diagnosed with an acute myocardial
infarction. In patients with a serum phosphorus concentration < 2.6 mg/dL, 57% had
ventricular tachycardia in the first 24 hours. In those with a serum phosphorus
concentration > 2.6 mg/dL, 27% had ventricular tachycardia. Schwartz studied 16
patients with sepsis and no evidence of cardiac disease in their first 24 hours in an ICU
(47). Ten of 16 patients had 21 episodes of atrial and ventricular arrhythmias. The serum
phosphorus concentration was lower in those with arrythmias, 2.28+0.5 mg/dL versus
3.19+1.0 mg/dL.

In conclusion, correction of severe hypophosphatemia increases myocardial
contractility approximately 20%. The effect is variable between patients with some
showing minimal to no response and others showing large responses. Moderate
hypophosphatemia probably has little effect on myocardial contractility. Data remains too
limited to draw any firm conclusions on the association of hypophosphatemia and serious
cardiac arrhythmias.

Central nervous system

There are multiple case reports indicating an association of hypophosphatemia with
neurological manifestations including altered mental status, polyneuropathy including
cranial nerves, seizure, and central pontine myelinolysis (48-51). In some cases the
clinical picture mimicked that of Guillain-Barré syndrome. In almost all reports of
neurologic disorders associated with hypophosphatemia serum phosphorus
concentrations were below 1 mg/dL. The majority of patients developed
hypophosphatemia in the setting of refeeding. In three reported cases of central pontine
myelinolysis all were alcoholics that developed the syndrome in the absence of changes
in serum sodium concentration. A few cases of proximal muscle weakness were
associated with moderate hypophosphatemia in hemodialysis patients (serum phosphorus
concentrations of 2.2-3.2 mg/dL) but this may have been the result of vitamin D
deficiency (52).

Some of these neurologic signs and symptoms were reported by patients in Lotz and
Bartter’s study including weakness, tremor, and paresthesias that reversed with cessation
of antacids. It seems likely that these symptoms are the result of hypophosphatemia.
Whether there is a cause and effect relationship between hypophosphatemia, a Guillain-
Barré-like syndrome, and central pontine myelinolysis is less clear.

Metabolic consequences of hypophosphatemia

Hypophosphatemia is associated with impaired glucose metabolism in both
hyperglycemic and euglycemic states, and this primarily reflects decreased tissue
sensitivity to insulin. DeFronzo carried out insulin and glucose clamp studies in 6 stable
nondiabetic outpatients with chronic hypophosphatemia versus normal controls (53).
Range of serum phosphorus concentration was 1.6-2.8 mg/dL. None of the patients were
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hyperglycemic and no attempts were made to correct hypophosphatemia. The amount of
glucose metabolized per unit of insulin (M/I ratio) was 12.0940.75 mg/kg/min per unit of
insulin x100 in controls and 8.71+1.37 mg/kg/min per unit of insulin x100 in the
hypophosphatemic group.

In patients with untreated diabetic ketoacidosis serum phosphorus concentration may
be normal or slightly elevated despite the fact that renal phosphorus excretion is
increased. Seldin examined the metabolism of glucose and cellular balances of
electrolytes in diabetic acidosis. Phosphorus translocation from intracellular to
extracellular fluid was highest initiaily and fell during treatment of ketoacidosis with
insulin and fluids. Initial phosphaturia also decreased after correction of ketoacidosis
(54).

Kono found that ketoacidosis inhibited the glycolytic enzyme phosphofructokinase in
erythrocytes. As a consequence the concentration of glycolytic intermediates proximal to
this step increased, while those distal, including 2,3-DPG, decreased. Although insulin
administration produced hypophosphatemia within 8-12 hours, and it persisted for 24
hours or longer, in vitro studies revealed that acidemia was mainly responsible for
phosphofructokinase inhibition (55).

III. Management of hypophosphatemia

Only in selected circumstances does moderate hypophosphatemia (1-2.5 mg/dL) have
significant clinical consequences in humans, therefore, there is little need for aggressive
intravenous phosphorus replacement. This is particularly true in situations associated
with intracellular phosphorus shifts. On the other hand, there is evidence indicating
improvement of respiratory parameters in ventilated patients after treatment of moderate
hypophosphatemia and phosphorus should be repleted into the normal range in this
setting.

The role of phosphorus replacement in the management of diabetic ketoacidosis
(DKA) is controversial. In a prospective randomized study it was concluded that
phosphorus repletion may accelerate regeneration of erythrocyte 2,3-DPG in patients
with DKA but it had no demonstrable influence on tissue oxygenation or clinical
response to low dose insulin therapy. Furthermore, with phosphorus replacement there
was an exaggeration of hypocalcemia, a reason for caution in the use of such therapy
(56). It should be noted that the amount of phosphorus administered to patients that
developed hypocalcemia was very high.

It is generally recommended that severely hypophosphatemic patients (less than 1.0
mg/dL) be repleted with parenteral phosphorus to avoid potential detrimental
consequences. Administration of radiolabeled phosphorus shows that the phosphorus
space is heterogeneous. Phosphorus enters several pools at varying rates that can be
altered by many factors, including simultaneous administration of glucose or insulin (57).
Lentz proposed that in a given hypophosphatemic patient, rapid shifts of phosphorus
among body compartments may occur during phosphorus infusion and accordingly
neither the phosphorus space, the body deficit, nor response to replacement can be easily
predicted. He recommended intravenous therapy for severe hypophosphatemia with an
initial dose of 0.08 mmol/kg body weight (2.5 mg/kg body weight) if hypophosphatemia
is recent and uncomplicated, and 0.16 mmol/kg body weight (5 mg/kg body weight) if it
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is prolonged and has multiple causes. He also advised that each dose be given over 6
hours (58). Although widely quoted none of these recommendations are based on clinical
data.

In addition to total dose, rate of administration has been a concern in the parenteral
treatment of hypophosphatemia. Intravenous phosphorus therapy was reported to cause a
precipitous fall in serum calcium concentration, hypotension and acute renal failure when
given in high doses for treatment of hypercalcemia (59). The rate of administration in
these case reports was 100 mmoles over three hours and 50 mmoles over one hour. In
another case report hypocalcemia resulted from administration of approximately 150
mmoles of phosphorus per day in the treatment of patients with diabetic ketoacidosis
(60). These doses are much higher than currently administered.

Several studies examined the safety and efficacy of short-term phosphorus infusions
and are summarized in Table 5.

Dose N Severity Complications

Rosen 15 mmol2hrs Q6H. no = 45 mol/day 11 moderate fnone
1.5-1.9 mg/dL

Vannatta 9 munol Q1 2hrs for 48 lus 10 severe 1 hypocalcemia
Vamatta 0.32-048 mmol kg Q12 lus for 48 hrs 10 severe none
Kingston 0.25-0.50 mmolkg over 4 Jus 28 severe none

0.5-1.0 mg/dL- 0.25 mmol:kg
= 0.5 mg/dL- 0.50 numol’kg

Perreault 15-30 mmols over 3 hrs 27 Both 2 nuld fall in Ca
1.27- 2 48 mg/dL- 15 mmol'’kg within nl range
< 1.24 mgsdL- 30 mmol’kg

Charron 1.25-2.03 mg/dL- 30 numols 2-4 hes 47 Both 1 hyperphosphatemta
= 1.25 mg/dL- 45 mmols 3-6 hrg (37/10)
Taylor < 1 mg/dL- 40-G0 kg 30 mmols, 111 Both None reported

61-80 kg-~ 40 nunols, 81-120 kg- 30 mmols

1.0-1 7 mg/dL- 40-60 kg- 20 mmols,

61-80 kg- 30 mmols. 81-120 kg- 40 mmols

1.8-2.2 mg/dL- 40-60 kg-10 mmols, P
61-80 kkg- 15 nunols, 81-120 kg- 20 mmols

Ten adult patients with severe hypophosphatemia (<1.0 mg/dL), two or more clinical
reasons for hypophosphatemia, and normal renal function were studied prospectively by
Vannatta (61). Patients were treated with 0.32 mmol/kg of phosphorus infused
intravenously over 12 hours for up to 48 hours. They concluded that this dose was safe
and efficacious. These same authors reported 10 patients with severe hypophosphatemia
repleted with 9 mmoles of phosphorus every 12 hours for up to 48 hours. One patient
developed symptomatic hypocalcemia. Serum phosphorus concentration increased to
greater than 1 mg/dL in all patients after 36 hours, and was in the normal range in 6 of 10
patients after 48 hours (62). Rosen studied 11 patients in a surgical intensive care unit
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with moderate hypophosphatemia (serum phosphorus concentration from 1.5 to 1.9
mg/dL). They administered 15 mmoles of sodium or potassium (if serum potassium
concentration was <3.5 meq/L) phosphate

intravenously over two hours. The same dose could be repeated to a maximum of 45
mmol in a 24 hour period if either the 6 hour or 18-24 hour follow up postinfusion serum
phosphorus concentration remained <2.0 mg/dL. All patients were successfully repleted
using the described protocol without any significant adverse events (63). Perreault
studied a group of patients with moderate (serum phosphorus concentration 1.27-2.48
mg/dL) and severe (<1.24 mg/dL) hypophosphatemia (64). The repletion rate varied
based on severity of hypophosphatemia, 15 or 30 mmol over 3 hours, in the moderate and
severe patients, respectively. Serum phosphorus concentration returned into the normal
range in 81% of moderately hypophosphatemic patients and 30% of patients with severe
hypophosphatemia. Serum calcium concentration declined within the normal range in
two patients. Over the subsequent two days many patients required additional doses of
phosphorus. Kingston safely administered 0.25-0.5 mmol/kg of phosphorus over 4 hours
in a group of 31 severely hypophosphatemic patients (65). Charron reported 47 patients
with moderate (1.25-2.03 mg/dL) and severe (< 1.25 mg/dL) hypophosphatemia (66). As
in other studies the dose of phosphorus administered varied depending on the degree of
hypophosphatemia, 30 mmoles over 2-4 hours and 45 mmoles over 3-6 hours in moderate
and severe patients, respectively. Only one patient developed hyperphosphatemia. At 24
hours 21% of patients required supplemental doses. Taylor employed a much more
complicated regimen in 111 patients with both moderate and severe hypophosphatemia.
Phosphorus dose varied based both on the severity of hypophosphatemia and the patient’s
weight and was administered over 6 hours (67). Doses are shown in Table 5. Most
patients were repleted into the normal range with a single dose, 78% of moderately
hypophosphatemic patients and 62% of severely hypophosphatemic patients. It is
important to recognize that patients with a creatinine clearance less than 25 ml/min, a
serum creatinine concentration of 4.0 mg/dL, a urine output less than 30 ml/hour, and
hypocalcemia were excluded. This group of patients would be at high risk for
complication with a rapid repletion protocol. The authors also excluded patients receiving
phosphorus-containing total parenteral nutrition. Not all studies excluded this group of
patients, however, this additional source of parenteral phosphorus must be considered
when contemplating a repletion regimen.

In summary, although these studies support that hypophosphatemic patients can be
repleted with rapid phosphorus infusion, the use of intravenous phosphorus-containing
solutions is best justified in the critically ill intubated patient where it was shown that
hypophsophatemia may increase the number of days a patient is intubated and extend
hospital stay. Other clinical sequellae such as severe hemolytic anemia may also warrant
rapid repletion. Patients with moderate hypophosphatemia should be repleted orally
unless they are on a ventilator. For those interested in reading more on this topic please
consult reference 68.

16



References:

1. Lotz M et al. Evidence for a phosphorus-depletion syndrome in man. N Engl J Med
278:409-415, 1968

2. Levi M et al. Cellular mechanisms of acute and chronic adaptation of rat renal P(i)
transporter to alterations in dietary P(i). Am J Physiol 267:F900-908, 1994

3. Goldfarb S et al. Renal tubular effects of chronic phosphorus depletion. J Clin Invest
59:770-779, 1977

4. Fuller TJ et al. Reversible changes of the muscle cell in experimental phosphorus
deficiency. J Clin Invest 57:1019-1024, 1976

5. Knochel JP et al. Hypophosphatemia and rhabdomyolysis. J Clin Invest 62:1240-1246,
1978

6. Brautbar N ef al. Impaired energy metabolism in skeletal muscle during phosphate
depletion. Kidney Int 24:53-57, 1983

7. Knochel JP The pathophysiology and clinical characteristics of severe
hypophosphatemia. Arch Int Med 137:203-220, 1977

8. Elisaf MS er al. Mechanisms of hypophosphataemia in alcoholic patients. Int J Clin
Pract 51:501-503, 1997

9. Urbano-Marquez A et al. The effects of alcoholism on skeletal and cardiac muscle.

N Engl J Med 320:409-415, 1989

10. Ryback RS et al. Clinical relationships between serum phosphorus and other blood
chemistry values in alcoholics. Arch Intern Med 140:673-677, 1980

11. Singhal et al. Prevalence and predictors of thabdomyolysis in patients with
hypophosphatemia. Am J Med 92:458-464, 1992

12. Nakao K et al. A direct relationship between adenosine triphosphate-level and in vivo
viability of erythrocytes. Nature 194:877-878, 1962

13. Nakao M et al. Adenosine triphosphate and shape of erythrocytes. J Biochem (Tokyo)
49:487-492, 1961

14. Maduell F et al. Intradialysis hemolysis secondary to hypophosphatemia. Nefrologia
23:85-88, 2003

15. Melvin JD et al. Severe hypophosphatemia: a rare cause of intravascular hemolysis.
Am J Hematol 69:223-224, 2002

16. Kaiser U et al. Haemolytic anaemia in a patient with anorexia nervosa. Acta
Haematol 106:133-135, 2001

17. Jacob HS et al. Acute hemolytic anemia with rigid red cells in hypophosphatemia.

N Engl J Med 285:1446-1450, 1971

18. Travis SF et al. Alterations of red-cell glycolytic intermediates and oxygen transport
as a consequence of hypophosphatemia in patients receiving intravenous
hyperalimentation. N Engl J Med 285:763-768, 1971

19. Craddock PR et al. Acquired phagocyte dysfunction. A complication of the
hypophosphatemia of parenteral hyperalimentation. N Engl J Med 290:1403-1407, 1974
20. Rasmussen A et al. Reduced function of neutrophils during routine postoperative
glucose infusion. Acta Chir Scand 154:429-433, 1988

21. Gustavsson CG et al. Acute respiratory failure in anorexia nervosa with
hypophosphataemia. J Intern Med 225:63-64, 1989

22. Hasselstrom L et al. Hypophosphatemia and acute respiratory failure in a diabetic
patient. Intensive Care Med 12:429-431, 1986

17



23. Brown EL et al. A case of respiratory failure complicated by acute
hypophosphataemia. Anaesthesia 35:42-45, 1980

24. Liu PY et al. Severe hypophosphatemia in a patient with diabetic ketoacidosis and
acute respiratory failure. J Chin Med Assoc 67:355-359, 2004

25. Furlan AJ et al. Acute areflexic paralysis association with hyperalimentation and
hypophosphatemia. Arch Neurology 32:706-707, 1975

26. Newman JH et al. Acute respiratory failure associated with hypophosphatemia.

N Engl J Med 296:1101-1103, 1977

27. Varsano S et al. Hypophosphatemia as a reversible cause of refractory ventilatory
failure. Crit Care Med 11:908-909, 1983

28. Storm TL Severe hypophosphatemia during recovery from acute respiratory acidosis.
Br Med J 289:456-457, 1984

29. Cohen J et al. Hypophosphatemia following open heart surgery: incidence and
consequences. Eur J Cardiothorac Surg 26:306-310, 2004

30. Gravelyn TR et al. Hypophosphatemia-associated respiratory muscle weakness in a
general inpatient population. Am J Med 84:870-876, 1988

31. Aubier M et al. Effect of hypophosphatemia on diaphragmatic contractility in patients
with acute respiratory failure. N Engl J Med 313:420-424, 1985

32. Agusti TGN et al. Hypophosphatemia as a cause of failed weaning: The importance
of metabolic factors. Crit Care Med 12:142-143, 1984

33. Fiaccadori E et al. Hypophosphatemia in course of chronic obstructive pulmonary
disease. Prevalence, mechanisms, and relationships with skeletal muscle phosphorus
content. Chest 97:857-868, 1990

34. Fiaccadori E ef al. Hypophosphatemia and phosphorus depletion in respiratory and
peripheral muscles of patients with respiratory failure due to COPD. Chest 105:1392-
1398, 1994

35. O'Connor LR et al. Effect of hypophosphatemia on myocardial performance in man.
N Engl J Med 297:901-903, 1977

36. Vered Z et al. Left ventricular function in patients with chronic hypophosphatemia.
Am Heart J 107:796-798, 1984

37. Davis SV et al. Reversible depression of myocardial performance in
hypophosphatemia. Am J Med Sci 295:183-187, 1988

38. Vered I et al. Normal left ventricular performance in children with X-linked
hypophosphatemic rickets: a Doppler echocardiography study. J Bone Miner Res 5:469-
474, 1990

39. Rasmussen A et al. Postoperative myocardial performance during glucose-induced
hypophosphatemia. Acta Chir Scand 151:13-15, 1985

40. Zazzo JF et al. High incidence of hypophosphatemia in surgical intensive care
patients: efficacy of phosphorus therapy on myocardial function. /nt Care Med 21:826-
831, 1995

41. Bollaert PE et al. Hemodynamic and metabolic effects of rapid correction of
hypophosphatemia in patients with septic shock. Chest 107:1698-1701, 1995

42. Darsee JR et al. Reversible severe congestive cardiomyopathy in three cases of
hypophosphatemia. Ann Intern Med 89:867-870, 1978

43, Claudius I et al. Hypophosphatemia-induced heart failure. Am J Emerg Med 20:369-
370, 2002

18



44. Subramanian R et al. Severe hypophosphatemia. Medicine 79:1-8, 2000

45. Machiels JP et al. Reversible myocardial dysfunction in a patient with alcoholic
ketoacidosis: a role for hypophosphatemia. J Emerg Med 16:371-373, 1998

46. Ognibene A et al. Ventricular tachycardia in acute myocardial infarction: the role of
hypophosphatemia. South Med J 87:65-69, 1994

47. Schwartz A et al. Hypophosphatemia and cardiac arrhythmias in the early stages of
sepsis. Eur J Intern Med 13:434-438, 2002

48. Peeters A et al. Wernicke's encephalopathy and central pontine myelinolysis induced
by hyperemesis gravidarum. Acta Neurol Belg 93:276-282, 1993

49. Junge O Acute polyneuropathy due to phosphate deficiency during parenteral
feeding. Fortschr Med 97:335-338, 1979

50. Michell AW et al. Central pontine myelinolysis temporally related to
hypophosphataemia. J Neurol Neurosurg Psychiatry 74:820, 2003

51. Silvis SE et al. Paresthesias, weakness, seizures, and hypophosphatemia in patients
receiving hyperalimentation. Gastroenterology 62:513-520, 1972

52. Yagnik P et al. Peripheral neuropathy with hypophosphatemia in a patient receiving
intravenous hyperalimentation. South Med J 78:1381-1384, 1985

53. DeFronzo RA et al. Hypophosphatemia and glucose intolerance: evidence for tissue
insensitivity to insulin. N Engl J Med 303:1259-1263, 1980

54. Seldin DW et al. The metabolism of glucose and electrolytes in diabetic acidosis.

J Clin Invest 29:552-565, 1950

55. Kono N et al. Alteration of glycolytic intermediary metabolism in erythrocytes during
diabetic ketoacidosis and its recovery phase. Diabetes 30:346-353, 1981

56. Fisher N ef al. A randomized study of phosphate therapy in the treatment of diabetic
ketoacidosis. J Clin Endocrinol Metab 57:177-180, 1983

57. Levenson SM et al. Studies in phosphorus metabolism in man. III. The distribution,
exchange and excretion of phosphorus in man using radioactive phosphorus (P*?) as a
tracer. J Clin Invest 32:497-509, 1953

58. Lentz RD et al. Treatment of severe hypophosphatemia. Ann Intern Med 89:941-944,
1978

59. Shackney S et al. Precipitous fall in serum calcium, hypotension, and acute renal
failure after intravenous phosphate therapy for hypercalcemia. Report of two cases. Ann
Intern Med 66:906-916, 1967

60. Winter RJ et al. Diabetic ketoacidosis- Induction of hypocalcemia and
hypomagnesemia by phosphate therapy. Am J Med 67:897-900, 1979

61. Vannatta JB et al. High-dose intravenous phosphorus therapy for severe complicated
hypophosphatemia. South Med J 76:1424-1426, 1983

62. Vannatta JB et al. Efficacy of intravenous phosphorus therapy in the severely
hypophosphatemic patient. Arch Int Med 141:885-887, 1981

63. Rosen GH et al. Intravenous phosphate repletion regimen for critically ill patients
with moderate hypophosphatemia. Crit Care Med 23:1204-1210, 1995

64. Perreault MM et al. Efficacy and safety of intravenous phosphate replacement in
critically ill patients. Ann Pharmacother. 31:683-688,1997

65. Kingston M et al. Treatment of severe hypophosphatemia. Crit Care Med 13:16-18,
1985

19



66. Charron T et al. Intravenous phosphate in the intensive care unit: more aggressive
repletion regimens for moderate and severe hypophosphatemia. Infensive Care Med
29:1273-1278, 2003

67. Taylor BE et al. Treatment of hypophosphatemia using a protocol based on patient
weight and serum phosphorus level in a surgical intensive care unit. J Am Coll Surg
198:198-204, 2004

68. Amanzadeh J and Reilly RF Hypophosphatemia: an evidence base approach to its
clinical consequences and management. Nature Clinical Practice Nephrology 2:136-148,
2006

20



