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Parenteral nutrition (PN) thera-
py is the administration of nu-
tritional support via the intrave-

nous route when the gastrointestinal
tract cannot or should not be used in
patients who are malnourished or at
risk for malnutrition.1 Components of
PN include macronutrients, or the
energy-yielding substrates (amino ac-
ids, dextrose, lipids); micronutrients
(vitamins, trace elements); fluids; and
electrolytes. PN is a lifesaving therapy
in patients with intestinal failure, but
its use is not without complications. In
a meta-analysis of studies that evaluat-
ed PN in critically ill patients, mal-
nourished patients seemed to benefit
most from PN and developed fewer
complications than nonmalnourished
patients who received PN.2 Similarly,
the Veterans Affairs Cooperative
Study showed that perioperative PN
increased complication rates in pa-
tients with low to moderate malnutri-
tion but improved outcomes in certain
high-risk, severely malnourished pa-

Purpose. Common metabolic complica-
tions associated with parenteral nutrition
(PN) are reviewed, and the consequences
of overfeeding and variables for patient
monitoring are discussed.
Summary. Although PN is a lifesaving ther-
apy in patients with gastrointestinal failure,
its use may be associated with metabolic,
infectious, and technical complications.
The metabolic complications associated
with PN in adult patients include hypergly-
cemia, hypoglycemia, hyperlipidemia, hy-
percapnia, refeeding syndrome, acid–base
disturbances, liver complications, manga-
nese toxicity, and metabolic bone disease.
These complications may occur in the acute
care or chronic care patient. The frequency
and severity of these complications de-
pend on patient- and PN-specific factors.
Proper assessment of the patient’s nutri-
tional status; tailoring the macronutrient,
micronutrient, fluid, and electrolyte re-
quirements on the basis of the patient’s un-
derlying diseases, clinical status, and drug

therapy; and monitoring the patient’s toler-
ance of and response to nutritional support
are essential in avoiding these complica-
tions. Early recognition of the signs and
symptoms of complications and knowl-
edge of the available pharmacologic and
nonpharmacologic therapies are essential
to proper management. PN should be used
for the shortest period possible, and oral or
enteral feeding should be initiated as soon
as is clinically feasible. The gastrointestinal
route remains the most physiologically ap-
propriate and cost-effective way of provid-
ing nutritional support.
Conclusion. PN can lead to serious compli-
cations, many of which are associated with
overfeeding. Close management is neces-
sary to recognize and manage these
complications.
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This article reviews the common
PN-associated metabolic complica-
tions, including hyperglycemia, hy-
poglycemia, hyperlipidemia, hy-
percapnia, refeeding syndrome,
acid–base disturbances, liver compli-
cations, manganese toxicity, and
metabolic bone disease. The conse-
quences of overfeeding and patient-
monitoring variables are also
discussed.

Hyperglycemia
Dextrose in its hydrous form is

the major energy source in PN and
yields 3.4 kcal/g. It is also a source of
carbon skeletons that are needed for
tissue growth and repair. Dextrose
tolerance is dependent on its rate of
infusion and underlying patient con-
ditions. The oxidation rate of dex-
trose is reduced in hypermetabolical-
ly stressed patients (e.g., critically ill
patients and those with sepsis or or-
gan failure), patients with diseases
that alter insulin’s effects (e.g., diabe-
tes and acute pancreatitis),4 elderly
patients,5 and patients receiving
medications that alter glucose me-
tabolism (e.g., corticosteroids, tac-
rolimus, and catecholamine vaso-
pressors) (Table 1). Hyperglycemia is
the most common complication as-
sociated with excessive dextrose
infusion in PN. Uncontrolled hyper-
glycemia can cause fluid and electro-
lyte disturbances, hyperglycemic
hyperosmolar nonketotic syndrome,
and increased susceptibility to infec-
tion. Other complications of exces-
sive dextrose infusion include hyper-
triglyceridemia, hepatic steatosis,
and respiratory decompensation.

Stress-induced hyperglycemia.
Significant metabolic changes occur
in response to injury or stress, lead-
ing to alterations in nutrient metabo-
lism (Table 2).6 In the absence of
dextrose overfeeding, glucose in-
tolerance in critically ill patients
receiving PN is more a reflection
of the severity of illness.7 This is be-
cause stress during critical illness is
associated with increased endoge-

nous glucose production in response
to increased release of counterregula-
tory hormones (e.g., catecholamines,
cortisol, glucagon, and growth
hormone) and cytokines (e.g.,
interleukin-1 and -6 and tumor ne-
crosis factor-α). Counterregulatory
hormones and cytokines are stress
mediators that stimulate glycogenol-
ysis and gluconeogenesis, causing the
release of gluconeogenic precursors
(e.g., glycerol, alanine, and lactate)
from body tissues (Figures 1 and 2).

During stress, elevation of insulin
levels in response to increased glu-
cose production fails to suppress glu-
coneogenesis or to increase cellular
glucose uptake.8,9 The resultant insu-
lin resistance, coupled with increased

endogenous glucose production, re-
sults in hyperglycemia. Although
dextrose infusion is expected to sup-
press gluconeogenesis, it fails to do
so in stressed patients and instead
worsens the hyperglycemia.10 Criti-
cally ill patients, therefore, have low-
er tolerance of dextrose infusion
than nonstressed subjects. Wolfe et
al.11 found that, in postoperative pa-
tients, dextrose infusion rates up to 7
mg/kg/min were well tolerated.
However, the study was limited by a
small sample (n = 5) and a relatively
low stress level in the patients. In
burn patients, who are more hyper-
metabolic, glucose oxidation was re-
ported to reach a plateau at a dex-
trose infusion rate of 5 mg/kg/min.12

Table 1.
Factors Predisposing Patients to Hyperglycemia

Factor(s) Mechanism(s)

aFor example, sepsis, surgery, and organ failure.

Increased counterregulatory hormones
and cytokines, insulin resistance

Insulin resistance
Enhanced glycogenolysis and

gluconeogenesis, increased glucagon,
insulin resistance

Inhibition of glucose uptake, increased
glycogenolysis, insulin resistance

Insulin insufficiency
Bypass of liver first-pass effect, excessive

dextrose infusion

Stressa

Cirrhosis, uremia, obesity
Corticosteroid therapy

Catecholamine vasopressor therapy

Diabetes, pancreatitis, old age
Parenteral dextrose infusion

Table 2.
Metabolic Response to Injury and Starvationa

Response to StarvationcMetabolic Variable Response to Injuryb

aAdapted from reference 6, with permission. RQ = respiratory quotient.
bTypical setting: hospitalized patient or intensive-care-unit patient.
cTypical setting: patient with chronic disease (cardiac disease, chronic obstructive pulmonary disease, etc.).

Energy requirement
Primary fuel
Insulin secretion

Serum ketones
Release of counterregulatory

hormones
Total body water
Rate of proteolysis
Rate of glycogenolysis
Rate of lipolysis
Body stores

Skeletal muscle
Fat
Visceral proteins

Refeeding response
Loss of lean tissue

Decreased
Lipids (RQ = 0.75)
Decreased

Present
Basal

Decreased
Decreased
Increased
Increased

Reduced
Reduced
Preserved

Net anabolism
Gradual

Increased
Mixed (RQ = 0.85)
Increased (with insulin

resistance)
Absent
Increased

Increased
Accelerated
Accelerated
Increased

Reduced
Reduced
Increased in liver and

immune system
None (unless injury reversed)
Accelerated
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However, lower dextrose infusion
rates appear to be better tolerated in
stressed patients. In a review of the
cases of 102 adult nondiabetic pa-
tients receiving PN, 49% developed
hyperglycemia with dextrose infu-
sion rates of >5 mg/kg/min, com-
pared with 11% when dextrose infu-
sion rates were 4.1–5 mg/kg/min.13

No cases of hyperglycemia were doc-
umented when the rate of dextrose

infusion was maintained at ≤4 mg/
kg/min. Therefore, a dextrose infu-
sion rate of ≤4 mg/kg/min seems safe
in the adult stressed patient.

Hyperglycemia and infection.
Adequate nutrition is essential to
maintaining a competent immune
system14 and hastening patient recov-
ery.15,16 However, dextrose overfeed-
ing and the resultant hyperglycemia
can be detrimental and may result in

a depressed immune system and an
increased risk of infection. Hypergly-
cemia impairs cellular and humoral
host defenses by impairing neutro-
phil chemotaxis and adhesion, re-
ducing phagocytosis, inhibiting
complement fixation, and, possibly,
enhancing microbial virulence.17 In
vitro data clearly demonstrated de-
pressed phagocytic activity of poly-
morphonuclear granulocytes against
gram-positive and gram-negative
bacteria in a hypertonic dextrose mi-
lieu.18 Animal data also showed im-
paired phagocytosis19 and inhibition
of immunoglobulin function20 in a
hyperglycemic state. In humans, the
association between hyperglycemia
and nosocomial and wound infec-
tions has been documented in post-
surgical diabetic patients,21,22 peri-
operative hyperglycemic diabetic
patients,23,24 and critically ill patients
with suboptimal glucose control.25

Also, diabetic patients with poor gly-
cemic control have shown impaired
polymorphonuclear leucocyte func-
tion26,27 and reduced bactericidal ac-

Figure 1. Simplified schematic of the mechanisms of stress-induced hyperglycemia. The main site of gluconeogenesis is the liver, with the
kidneys playing a lesser role. Major substrates for gluconeogenesis are glycerol, alanine, and lactate. During stress, glucose synthesis from
gluconeogenic precursors is increased as a result of increased release of counterregulatory hormones (catecholamines, glucagon, cortisol,
growth hormone) and cytokines that oppose the restraining effects of insulin on gluconeogenesis and glycogenolysis. Glucagon stimulates
glycogenolysis and hepatic gluconeogenesis. Epinephrine enhances skeletal muscle and hepatic glycogenolysis and stimulates kidney
gluconeogenesis. Growth hormone stimulates gluconeogenesis and inhibits peripheral glucose uptake. Catecholamines and cortisol in-
crease lipolysis. Cytokines (interleukin-1, interleukin-6, tumor necrosis factor-α) also contribute to increasing the glucose pool by enhancing
glycogenolysis and gluconeogenesis, by inhibiting insulin release, and, indirectly, by increasing glucagon and cortisol synthesis. The end
result of stress on glucose metabolism is increased endogenous glucose production and insulin resistance, which results in hyperglycemia.
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Figure 2. Cori cycle. Lactate, a byproduct of anaerobic glycolysis, is the most important
gluconeogenic precursor. Most of the lactate is recycled by the liver to resynthesize glucose
through the Cori cycle. The Cori cycle maintains glucose availability to vital tissues and
prevents lactate accumulation.
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tivity.28 Although altered immune
function in diabetics probably has
multiple causes, phagocytic function
improves with glucose control.29

Serum glucose concentrations.
Hyperglycemia is loosely defined as
serum glucose concentrations of
>200 mg/dL.30 Although serum glu-
cose concentrations of 150–200 mg/
dL have long been considered accept-
able in stressed patients,13,30-33 recent
data suggest that tighter glucose con-
trol may improve patient outcomes.
In a prospective randomized con-
trolled study, Van Den Berghe et al.25

evaluated the outcomes of intensive
and conventional insulin therapy in
1548 adult surgical intensive care pa-
tients. The patients were randomized
on admission to receive either inten-
sive insulin therapy to maintain se-
rum glucose concentrations between
80 and 110 mg/dL or conventional
insulin therapy to maintain concen-
trations between 180 and 200 mg/dL
if the serum glucose concentration
was >215 mg/dL. Compared with
conventional insulin therapy, inten-
sive therapy significantly reduced
mortality from 8% to 4.6% in all the
patients during their stay in the in-
tensive care unit (p < 0.04) and from
20.2% to 10.6% in patients who re-
mained in the intensive care unit for
more than five days (p = 0.05). Inten-
sive insulin therapy was also associat-
ed with a 34% reduction in the rate
of overall in-hospital mortality and a
46% reduction in the rate of septice-
mia, and it reduced the number of
morbidity factors, such as acute renal
failure, polyneuropathy, and ventila-
tor dependency. Multivariate logistic
regression analysis of the data by the
same investigators showed that the
benefits of intensive insulin therapy
were the result of normoglycemia
rather than the insulin dosage.34

Prevention and treatment. In the
absence of dextrose overfeeding, a
transient rise in serum glucose may
still occur after the start of PN. Se-
rum glucose concentrations usually
normalize shortly thereafter, once

endogenous insulin secretion adjusts
to the rate of dextrose infusion. In
stressed patients receiving PN, the
maximum dextrose infusion rate
should be kept at ≤4 mg/kg/min,35

with dextrose providing 50–60% of
total daily calories. Of the remaining
calories, 20–30% are provided from
lipid emulsions and 10–20% from
proteins. In diabetic and critically ill
patients requiring insulin, the dex-
trose infusion rate should be kept at
2 mg/kg/min until glucose control is
achieved. Thereafter, the dextrose
load can be slowly advanced to meet
energy goals, and adjustments to the
insulin dosage can be made as need-
ed. A dextrose infusion rate of 2 mg/
kg/min is usually sufficient to maxi-
mally suppress gluconeogenesis and
prevent proteolysis.36 In obese pa-
tients, the dextrose infusion rate
should be based on the adjusted ideal
body weight instead of the actual
body weight. In case of hyperglyce-
mia, a portion of the dextrose may
be replaced by lipid calories, provid-
ed that hypertriglyceridemia is ab-
sent. Lipid emulsions should provide
no more than 60% of the total daily
calories.37

Insulin therapy is indicated if hy-
perglycemia persists despite all of the
above measures. In the Van Den
Berghe et al.25 study, critically ill pa-
tients who received PN exclusively
had a 26% higher insulin require-
ment to maintain normoglycemia
than those who received a portion of
their calories from enteral nutrition
to provide identical amounts of daily
calories.34 One suggested option for
treating hyperglycemia in PN pa-
tients is to start with sliding-scale
subcutaneous regular insulin and
then incorporate two thirds of the
previous 24-hour subcutaneous in-
sulin requirements in the PN solu-
tion.38 The insulin dosage is thereaf-
ter adjusted in the PN solution on
the basis of the additional subcutane-
ous insulin requirements. This prac-
tice may, however, leave patients hy-
perglycemic for prolonged periods,

especially in the absence of concur-
rent treatment with intermediate-
acting insulin. The low serum glu-
cose target of 80–110 mg/dL
proposed by Van Den Berghe and
colleagues25 necessitates the manage-
ment of hyperglycemic critically ill
patients with insulin drips instead of
relying on a subcutaneous sliding-
scale insulin regimen or the addition
of regular insulin to the PN solution.
Although adding insulin to the PN
solution is convenient, it does not pro-
vide the flexibility of frequently adjust-
ing the insulin dosage to achieve the
targeted serum glucose level. Despite
the intensive serum glucose monitor-
ing required with a continuous infu-
sion of regular insulin, it allows flexible
adjustment of the insulin dosage and
provides a safe and effective method of
glucose control.31,39

Formerly, it was commonly ac-
cepted that moderate hyperglycemia
during stress was beneficial, provid-
ing glucose to the brain and blood
cells that depend solely on glucose
for energy. A serum glucose concen-
tration of 200 mg/dL is no longer
considered an acceptable upper lim-
it. However, a serum glucose thresh-
old above which there is increased
risk of morbidity and mortality has
not been precisely determined, al-
though a speculative upper limit of
145 mg/dL has been suggested.40 In-
stitutions may have begun to apply
the intensive insulin regimen to criti-
cally ill patients because of the results
of Van Den Berghe et al.,25 but it is
not yet clear how these results would
apply to hospitalized and other criti-
cally ill nonsurgical hyperglycemic
patients.41

Although exogenous insulin in-
creases glucose clearance by promot-
ing cellular glucose uptake, insulin
does not increase glucose oxida-
tion.11,36 Little benefit is derived from
infusing dextrose at rates that greatly
exceed the body’s glucose oxidative
capacity when exogenous insulin be-
comes ineffective at increasing glu-
cose uptake. In fact, excessive dex-
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trose is converted to fat, leading to
hypertriglyceridemia or fat deposits
in the liver that may lead to hepatic
steatosis.42 Additionally, euglycemia
may not necessarily rule out dextrose
overfeeding, since the rate of glucose
removal from the blood is not
correlated with glucose oxidation.
This may be seen during the early
phases of overfeeding, especially in
cachectic patients in whom a signifi-
cant portion of dextrose is used to
restore glycogen and fat stores.12 To
avoid overfeeding, energy expendi-
ture is best measured with indirect
calorimetry instead of relying on ca-
loric estimates for critically ill pa-
tients.43,44 Since energy expenditure
varies from day to day, repeating
energy-expenditure measurements
about three times weekly in unstable
critically ill patients would allow
necessary adjustments to the pa-
tient’s caloric intake while avoiding
overfeeding.45

Hypoglycemia
Hypoglycemia is a less common

complication of PN than hyperglyce-
mia. Hypoglycemia usually occurs
when PN is suddenly interrupted or
as a result of an insulin overdose in
the PN solution.46 Reactive hypogly-
cemia occurs when elevated endoge-
nous insulin levels do not adjust to
the reduced dextrose infusion fol-
lowing PN cessation.47 Although re-
active hypoglycemia is not a univer-
sal occurrence,48,49 some patients may
be at higher risk because of underly-
ing conditions that affect glucose
regulation. These patients include
those with chronic starvation, severe
malnutrition, liver disease, and
hypothyroidism.50,51

Hypoglycemia may result in sig-
nificant morbidity if left untreat-
ed.46,51 The key is prevention or early
recognition. Reactive hypoglycemia
can be prevented by gradually taper-
ing PN over one to two hours before
discontinuation, especially when ad-
equate oral or enteral feeding is not
provided.47,52 Although there is no es-

tablished period for its occurrence,
reactive hypoglycemia may occur
15–60 minutes after PN is stopped.
Monitoring serum glucose concen-
trations within that period is essen-
tial to promptly identifying and cor-
recting hypoglycemia. Infusion of
10% dextrose injection immediately
after discontinuing PN would pre-
vent reactive hypoglycemia. If insulin
is added to the PN solution, the insu-
lin dosage should be regularly adjust-
ed on the basis of blood glucose lev-
els. Special attention should be given
to reducing the insulin dosage when
the underlying causes of hyperglyce-
mia (e.g., acute pancreatitis, stress,
and sepsis) have resolved, medica-
tions implicated in hyperglycemia
(e.g., corticosteroids) are discontin-
ued, or dextrose infusion is reduced
or stopped.

Hyperlipidemia
Intravenous lipid emulsions cause

changes in serum cholesterol and li-
poprotein profiles, whereas either
dextrose overfeeding53 or lipid emul-
sions54 can elevate serum triglyceride
concentrations. Hyperlipidemia in
patients receiving PN may lead to re-
duced pulmonary gas diffusion and
pulmonary vascular resistance,55 es-
pecially in patients with preexisting
pulmonary vascular disease.56-58 Se-
vere hypertriglyceridemia may cause
acute pancreatitis,59,60 particularly
when serum triglyceride concentra-
tions exceed 1000 mg/dL.61

Predisposing factors. Hypertri-
glyceridemia associated with PN may
be the result of excessive fatty acid
synthesis from dextrose or of im-
paired lipid clearance. Other factors
that affect lipid clearance also predis-
pose patients to hypertriglyceri-
demia, such as sepsis, multiorgan
failure,62-64 obesity,65 diabetes,66 liver
disease,67 renal failure,68,69 alcohol-
ism,70 a history of hyperlipidemia,71

and pancreatitis.72 Medications such
as cyclosporine,73 sirolimus,74 and cor-
ticosteroids75 also increase serum tri-
glycerides by altering fat metabolism.

Hypertriglyceridemia may occur
with the infusion of propofol. Pro-
pofol is formulated in a 10% lipid
emulsion to improve its solubility.
Similar to lipid emulsions, lipids
in propofol can cause dose- and
duration-dependent increases in
serum triglyceride concentra-
tions.76 After a 10-day continuous
i.v. infusion of propofol (infusion
rate, 0.7–6.4 mg/kg/hr; cumulative
dose, 66 g), serum triglyceride con-
centrations in critically ill patients
increased to four times the normal
values and remained elevated 72
hours after the therapy ended.77 Be-
cause hypertriglyceridemia was ob-
served with lower than usual lipid
doses given in PN, it was speculated
that propofol could also have direct
effects on reducing fat metabolism
independent of its lipid effect.78

Hypertriglyceridemia and dex-
trose. Dextrose overfeeding is the
main cause of hypertriglyceridemia
in patients receiving PN. Normally, 1
g of glucose yields about 0.35 g of fat
during net whole-body lipogenesis.
Lipogenesis occurs in the liver and
adipose tissue through the action of
the fatty acid synthetase and acetyl–
coenzyme A synthetase enzymes that
convert dextrose into fatty acids.
Formed fatty acids are then trans-
ported from the liver as triglyceride-
rich very-low-density lipoproteins
(VLDLs).79-81 When hypertriglyceri-
demia develops during PN, dextrose
overfeeding should be ruled out first
and the dextrose load reduced if nec-
essary. Reducing the amount of
lipids may be necessary if hypertri-
glyceridemia does not improve with
reduction of the dextrose load.

Hyperlipidemia and lipid emul-
sions. Intravenous lipid emulsions
are used in PN as a source of calories
and essential fatty acids (linoleic
acid, linolenic acid). Lipid emulsions
currently marketed in the United
States are mainly composed of long-
chain triglycerides (LCTs) derived
from soybean oil or a 50:50 mixture
by weight of soybean oil and safflow-
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er oil. Lipid emulsions are available
as 10%, 20%, and 30% oil-in-water
emulsions that yield 1.1, 2, and 3
kcal/mL, respectively. Lipid emul-
sion particles are similar in structure
and size to the naturally occurring
chylomicrons, except for the lack of
apoproteins (polypeptides that
activate enzyme systems) on their ex-
ternal coating. Once in the blood-
stream, lipid particles acquire apo-
proteins that promote their hydrolysis
by lipoprotein lipase (LPL) to release
fatty acids. Formed fatty acids circu-
late in the bloodstream as free fatty
acids or bound to albumin. Free fatty
acids either undergo oxidation to
generate energy or be stored as tri-
glycerides in adipose tissue. The rem-
nants are metabolized in the liver by
the liver lipase enzyme to make
VLDLs and low-density lipoproteins
(LDLs). In healthy individuals, the
elimination half-life of lipid emul-
sions is around 30 minutes, with
about 80% of lipids cleared in one
hour. However, lipid clearance is re-
duced in stressed patients as a result
of decreased LPL activity, which may
lead to lipid accumulation.

Although there is a resemblance in
the composition of different lipid
emulsions, a major difference is the
phospholipid-to-triglyceride (PL:TG)
ratio that plays a role in the clearance
differences among various emul-
sions. The PL:TG ratio of the 10%,
20%, and 30% lipid emulsions is
0.12, 0.06, and 0.04, respectively.
This translates to two times more
phospholipids in the 10% lipid
emulsion than in the 20% emulsion
and three times more phospholipids
in the 10% emulsion than in the
30% emulsion. Large phospholipid
amounts have been proposed to
cause the appearance of the abnor-
mal lipoprotein X in the blood of pa-
tients who receive the 10% emul-
sion.82,83 In a comparison of the 10%
and 20% lipid emulsions, plasma li-
poprotein X concentrations were
shown to be directly correlated with
the lipoprotein amounts in the lipid

formulation.84 Formation of lipopro-
tein X with the 10% lipid infusion
was reported in adult patients85 and
pediatric patients.86 After infusion of
the 10% lipid emulsion, excess phos-
pholipids form single-bilayer vesicles
that extract cholesterol from tissues
and produce lipoprotein X. Lipopro-
tein X particles are rich in phospho-
lipids (60%) and cholesterol (25%)
and contain small amounts of tri-
glycerides. They appear in the blood-
stream shortly after the infusion of
the 10% lipid emulsion and have a
long half-life (two to four days).84,87

The role of lipoprotein X in hyper-
triglyceridemia is believed to result
from its competition with lipid parti-
cles for clearance by LPL.88

Studies have compared the effects
of different lipid emulsions on plas-
ma lipid profiles and the formation
of lipoprotein X.85,89 In adult surgical
patients, the 10% lipid emulsion
caused marked increases in phos-
pholipids, cholesterol, and LDLs.85

However, serum triglycerides,
VLDLs, and high-density lipopro-
teins remained normal. When the
10% lipid emulsion was replaced by
the 20% emulsion at equal lipid dos-
es, there was a rapid decline in serum
triglyceride, cholesterol, and phos-
pholipid concentrations.89 Even at
higher lipid doses, the 20% emulsion
resulted in lower serum triglyceride
levels than the 10% emulsion.90 In
postoperative trauma patients re-
ceiving PN, a five-day infusion of the
10% emulsion caused a progressive
increase in plasma phospholipids
and cholesterol levels.91 These effects
were not observed with the 20%
emulsion, while serum triglycerides
and free fatty acids remained con-
stant and similar in each group. In
another study that compared the
10% and 30% lipid emulsions in crit-
ically ill patients, lower median plas-
ma triglyceride, phospholipid, and
cholesterol concentrations were seen
with the 30% emulsion, along with
the formation of lipoprotein X with
the 10% but not the 30% emulsion.92

Studies comparing the 20% and
30% lipid emulsions showed that
both formulations are well tolerated.
Although serum triglyceride and fat-
ty acid concentrations increase with
the infusion of either emulsion, se-
rum phospholipid concentrations
were higher after the 20% emulsion
was infused than after administra-
tion of the 30% emulsion.93 In criti-
cally ill patients with trauma and sep-
sis, higher total serum cholesterol
and triglyceride concentrations were
seen with the 20% than the 30% lipid
emulsion. However, neither emul-
sion caused the formation of lipo-
protein X.94 The long-term con-
sequences of lipoprotein X remain
unknown, but no harmful effects
have been observed during short-
term infusion of the 10% lipid
emulsion.

Medium-chain triglycerides.
Newer parenteral lipid formulations
of mixed medium-chain triglycerides
(MCTs) and LCTs are available in
Europe in 75:25 or 50:50 MCT:LCT
ratios. The 75:25 formulation is ex-
pected to be marketed in the United
States soon. Current LCT emulsions
supply fatty acids with 16 and 18 car-
bons, whereas MCTs comprise fatty
acids with 8- to 10-carbon chains.
The inclusion of LCTs in MCT–LCT
mixtures is crucial to providing the
essential fatty acids and linoleic and
linolenic acids (18 carbons each) that
are not supplied in formulations
with MCTs alone.

MCTs have the advantage of being
oxidized faster than LCTs. This may
allow MCTs to be used in patients
with reduced lipid clearance, since
they may result in fewer serum lipid
abnormalities and lower serum tri-
glyceride concentrations.95,96 Al-
though some studies have found that
MCT–LCT emulsions may result in a
better lipid profile and an improved
nitrogen balance compared with
LCT lipid emulsions,97,98 these differ-
ences have not been observed in oth-
er studies.99 In one study of critically
ill surgical patients who received PN,
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administration of the 50:50 MCT:LCT
formulation or an LCT lipid emul-
sion resulted in no significant differ-
ences in energy expenditure, nitro-
gen balance, or levels of prealbumin,
albumin, cholesterol, triglycerides,
and free fatty acids.100

MCT–LCT formulations have
also been studied in patients with re-
nal failure. Druml et al.101 examined
the elimination and hydrolysis of
MCT–LCT emulsions in seven pa-
tients with acute renal failure and six
healthy control subjects. In the con-
trol subjects, the clearance of MCTs
was slightly higher than that of LCTs,
but the rise in serum triglyceride lev-
els was similar. The reduction in
clearance of both LCTs and MCTs
was similar in the renal failure group
and the control subjects, as was the
increase in serum triglycerides. The
authors concluded that lipid clear-
ance is reduced in acute renal failure,
regardless of whether an MCT or
LCT lipid emulsion is used.

In septic patients with respiratory
failure, LCT administration was as-
sociated with more significant
changes in pulmonary function than
infusion of the 50:50 MCT:LCT
emulsion.102 However, a study in pa-
tients with acute respiratory distress
syndrome found no differences in
pulmonary hemodynamics, arterial
oxygen tension, or mixed venous
partial pressure of oxygen after infu-
sion of MCT–LCT or LCT lipid
emulsions.103 The mixed results ob-
tained with the MCT–LCT formula-
tions may be partly related to differ-
ent study designs and small study
groups. More research is needed be-
fore routine use of mixed MCT–LCT
formulations can be recommended.

Management and monitoring.
Serum triglycerides should be regu-
larly monitored during PN therapy.
If hypertriglyceridemia occurs, re-
ducing the dextrose or lipid dosage is
necessary, depending on the cause.
When hypertriglyceridemia coin-
cides with dextrose overfeeding, the
first step is to reduce the dextrose

load and treat the hyperglycemia.
Since the LPL activity is capacity lim-
ited, reducing the lipid dosage and
infusing lipids continuously would
enhance lipid clearance. Continuous
lipid infusion over 24 hours im-
proves lipid oxidation104 and results
in better plasma fatty acid profiles105

than cyclic lipid infusion. Also, since
parenteral fat may, in theory, be
immunosuppressive by reducing
phagocytosis and cytokine secre-
tion,106 continuous lipid infusion
may impose a smaller burden on the
reticuloendothelial system.107 The
clinical effects of lipid emulsions on
immune function remain controver-
sial and require further study.108 Nor-
mally, the lipid infusion rate can be
maintained at around 0.12 g/kg/hr,
but lower rates may be better tolerat-
ed in critically ill patients or patients
with impaired lipid clearance.109 In
most cases, lipid emulsions provide
about one third of the total daily cal-
ories contained in PN.110

In patients treated with propofol,
calories from propofol formulations
should be counted as lipid calories
equivalent to 1.1 kcal/mL. The lipid
dosage should be adjusted to avoid
hypertriglyceridemia.111 A new pro-
pofol vehicle of MCT–LCT emulsion
is available in Europe but not the
United States. Early studies of this
product showed that serum triglycer-
ide concentrations did not signifi-
cantly differ from those observed
with propofol mixed with LCTs, but
faster triglyceride clearance occurred
with the MCT–LCT emulsion con-
taining propofol.112 An investigation-
al 2% (20-mg/mL) propofol formu-
lation that provides fewer lipids than
the 1% (10-mg/mL) formulation has
resulted in lower serum triglyceride
concentrations.113 The MCT–LCT
and 2% propofol formulations may
provide an alternative to the 1% pro-
pofol formulation currently market-
ed in the United States. At this point,
serum triglycerides should be moni-
tored during propofol infusion, and,
if hypertriglyceridemia occurs, pro-

pofol should be discontinued and
another sedative agent, such as
lorazepam or midazolam, should be
used.

Monitoring serum phospholipids,
fatty acids, cholesterol, and lipopro-
tein X levels is not a routine practice.
Usually, baseline serum triglyceride
concentrations are measured before
PN initiation and once the lipid goal
is reached. Thereafter, the frequency
of serum triglyceride measurements
depends on the severity of hypertri-
glyceridemia. Daily lipid infusion
should be withheld when the serum
is lipemic or when serum triglyceride
concentrations exceed 400 mg/dL. In
such cases, the lipid emulsion dose
should be given only two or three
times weekly. To prevent essential
fatty acid deficiency, linoleic acid
should provide approximately 3–5%
of total caloric intake. Providing 300
mL of the 20% lipid emulsion twice
weekly is sufficient to prevent essen-
tial fatty acid deficiency in adult pa-
tients. Since no lipoprotein X was
detected after infusion of the 20% or
30% lipid emulsion, these two for-
mulations seem to be better alterna-
tives than the 10% emulsion. Al-
though some studies found that the
30% lipid emulsion resulted in a
more favorable lipid profile than the
20% emulsion, especially in stressed
patients,94 the 20% emulsion appears
to be equally well tolerated.114 The
30% lipid emulsion appears to be
most advantageous in patients with
fluid restriction because of its higher
caloric concentration. The 30%
emulsion, however, has FDA-
approved labeling for infusion in to-
tal nutrient admixtures (TNAs),
whereas the 10% and 20% emulsions
can be administered with PN solu-
tions by infusion through a second-
ary i.v. line or mixed in a TNA. De-
spite the promise of MCT-based
lipid emulsions, clinical data on their
superiority to LCT emulsions have
been equivocal. As such, parenteral
MCT–LCT emulsions cannot be ad-
vocated for general use until suffi-
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cient data demonstrate their meta-
bolic superiority to LCTs. Also, the
projected high cost of MCT–LCT
emulsions would add another finan-
cial burden to patient care.

Hypercapnia
Hypercapnia is defined as excess

retention of carbon dioxide. Over-
feeding of total calories and dextrose
causes hypercapnia due to excess car-
bon dioxide production (VCO

2
) rela-

tive to oxygen consumption (VO
2
)

during carbohydrate metabolism.
This relationship is described by the
respiratory quotient (RQ = VCO

2
/

VO
2
). The RQ for fat, protein, and

carbohydrates is 0.7, 0.8, and 1, re-
spectively. An RQ of >1 indicates ex-
cessive calorie and carbohydrate in-
take and net fat synthesis.12,115 When
excess carbon dioxide is produced,
compensatory mechanisms are stim-
ulated to increase minute ventilation
in order to eliminate the excess car-
bon dioxide.116 The resultant increase
in respiratory workload may cause
acute respiratory acidosis and pre-
cipitate respiratory insufficiency that
may necessitate mechanical ventila-
tion.117,118 These effects may occur
within hours of dextrose overfeeding
in severely malnourished patients119

and in patients with limited pulmo-
nary reserve, such as those with
chronic obstructive pulmonary dis-
ease.120 High dextrose loads may also
prolong ventilator dependence in
mechanically ventilated patients117,121

and cause respiratory insufficiency in
elderly and frail patients who have
depleted protein and energy stores.122

Overfeeding with dextrose and to-
tal calories can increase the RQ. In a
review of critically ill patients who
received PN, 73% of patients who
had an RQ of >1 received dextrose
infusion rates of >4 mg/kg/min.123 In
a study of stable mechanically venti-
lated patients who were receiving
PN, high calories instead of a high
percentage of dextrose intake in-
creased CO

2
 production. VCO

2 
did

not significantly change with isoca-

loric PN regimens, despite a change
in the dextrose:lipids ratio that var-
ied from 40% to 75% of carbohy-
drates and 40% to 5% of lipids, with
protein intake fixed at 20% of total
calories. However, a significant in-
crease in VCO

2 
occurred when total

calories were increased from one to
two times the estimated resting ener-
gy expenditure, with the proportion
of dextrose, lipid, and protein calo-
ries fixed at 60%, 20%, and 20%, re-
spectively.124 Energy-mixed sub-
strates from fat, carbohydrates, and
protein are better utilized than a fat-
free regimen and yield an RQ of
~0.85. Lipid emulsions appear to
have a more sustained effect on bal-
ancing the RQ when they are infused
continuously over 24 hours rather
than intermittently over 12 hours.104

Although the RQ may be a tool for
assessing optimal caloric delivery, it
may be insensitive to overfeeding in
hypermetabolic patients.125,126 Over-
feeding causes only minor changes in
the RQ in the hypermetabolic pa-
tient, because oxygen consumption
and minute ventilation increase
when carbon dioxide production in-
creases.127 Thus, the RQ is a more
sensitive and reliable indicator of
overfeeding in patients who are not
hypermetabolic.121

The refeeding syndrome
The refeeding syndrome describes

the fluid and electrolyte imbalances,
glucose intolerance, and vitamin de-
ficiencies that occur in severely mal-
nourished individuals during rapid
nutritional repletion.128,129 The meta-
bolic and physiological disturbances
of the refeeding syndrome may be
significant and can result in cardiac,
pulmonary, renal, gastrointestinal,
and neuromuscular complications
and even death.130 This syndrome
may occur with oral, enteral, or
parenteral feeding. Conditions that
predispose patients to the refeeding
syndrome include chronic starva-
tion, prolonged fasting, chronic alco-
holism, anorexia nervosa, malab-

sorption syndromes, morbid obesity
followed by significant weight loss,
and wasting diseases, such as cancer
and AIDS.128,131 Table 2 summarizes
characteristics of the metabolic re-
sponse to starvation.6

Electrolyte disturbances. Electro-
lyte abnormalities that may occur
with the refeeding syndrome include
sodium retention, hypophospha-
temia, hypokalemia, and hypo-
magnesemia. Sodium is the major
extracellular cation, and its serum
concentration dictates the extracellu-
lar fluid volume. Sodium retention
usually occurs in the early phase of
the refeeding syndrome and is exac-
erbated by excessive sodium and
fluid intake. This may lead to fluid
overload, pulmonary edema,132 and
cardiac decompensation133 that may
be detrimental to cachectic patients
whose cardiac mass and function are
reduced by severe malnutrition.133,134

In contrast to sodium, potassium
and magnesium are primarily intra-
cellular ions. Potassium is the major
intracellular cation, and phosphorus
is the major intracellular anion. The
intracellular distribution of these
electrolytes makes it difficult to as-
sess body stores by their measured
serum concentrations. While their
serum concentrations may appear
normal, their body stores can in fact
be depleted by starvation.135 There is
a state of energy preservation and hy-
poinsulinemia during starvation; it is
rapidly reversed when carbohydrate
feeding is initiated. Carbohydrates
stimulate insulin secretion, which in
turn causes phosphorus and potassi-
um to shift intracellularly. The com-
bined effects of increased demands
and intracellular flux of these electro-
lytes lead to severe extracellular elec-
trolyte deficiency. Severe deficiencies
of phosphorus, potassium, and mag-
nesium can cause significant morbidi-
ty and mortality if left untreated.129

The clinical features of electrolyte
disturbances depend on the severity
of the electrolyte deficiency. Phos-
phorus regulates carbohydrate, pro-
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tein, and fat metabolism; plays a role
in glycolysis; and is required for the
formation of phosphorylated com-
pounds, including adenosine tri-
phosphate, 2,3-diphosphoglycerate,
and glycerol-3-phosphate dehydro-
genase. These high-energy phosphate
compounds are increasingly needed
during glycolysis, especially when
glucose is the major source of ener-
gy. The increased demand for phos-
phates is, however, opposed by re-
duced availability of phosphorylated
compounds in phosphate deficien-
cy.136-138 Severe hypophosphatemia
can cause respiratory, neuromuscu-
lar, and hematologic complications.
Paresthesia, weakness, and convul-
sions were reported in severely mal-
nourished patients with hypophos-
phatemia within four to seven days
of PN initiation.139 Respiratory fail-
ure, acute cardiopulmonary decom-
pensation, and death from severe
hypophosphatemia occurred soon
after PN initiation in cachectic pa-
tients with anorexia nervosa and
malabsorption syndrome.135

Hypokalemia and hypomag-
nesemia can coexist, and their signs
and symptoms can be similar.140 Se-
vere hypokalemia can cause cardiac,
neuromuscular, gastrointestinal,
metabolic, and renal dysfunction.
Similarly, hypomagnesemia can have
cardiac, neuromuscular, and gas-
trointestinal effects. Successful cor-
rection of hypokalemia cannot be
achieved without correcting the mag-
nesium deficiency. Hypomagnesemia
may cause hyperaldosteronism that
increases renal potassium excretion or
may affect cellular potassium distri-
bution. Simultaneous supplementa-
tion of potassium and magnesium in
documented cases of deficiencies is
essential for rapid and successful cor-
rection of the deficiencies.

Thiamine deficiency. Since thia-
mine is a water-soluble vitamin, its
body stores can be easily depleted by
malnutrition and weight loss. Dex-
trose infusion places additional de-
mand on thiamine, since thiamine is

a cofactor in intermediate carbohy-
drate metabolism. Wernicke’s enceph-
alopathy due to thiamine deficiency
has been reported in malnourished
individuals141,142 and in thiamine-
deficient patients who received high
carbohydrate loads.143 Thiamine is a
coenzyme for glucose metabolism
and is essential for the conversion of
pyruvate and the oxidation of ke-
toacids. With thiamine deficiency,
pyruvate is converted to lactate
instead of being oxidized via the cit-
ric acid cycle.144 Excessive lactate
formation has resulted in cases of
lactic acidosis and death in patients
who received PN without thiamine
supplementation.145-148

Prevention and treatment. Pa-
tients at risk of the refeeding syn-
drome should be identified early to
prevent the associated complica-
tions. Nutrient delivery should be in-
stituted gradually and advanced
slowly to achieve the caloric goal over
three to five days. Empirical supple-
mentation of phosphorus, potassi-
um, and magnesium can be started
before feeding is begun. Thereafter,
electrolytes are supplemented during
feeding, with amounts based on se-
rum electrolyte concentrations. Al-
though most reports have focused on
thiamine deficiency, other vitamins
may also be deficient in the malnour-
ished patient. However, the impor-
tance of other vitamin deficiencies in
the refeeding syndrome is less clear.
Adding parenteral multivitamins to
PN solutions provides daily require-
ments consistent with the recom-
mendations of the American Medical
Association.149 Marketed adult
parenteral multivitamins provide 3
or 6 mg of thiamine per vial added to
the daily PN. However, since thia-
mine requirements are increased in
cachectic patients, additional daily
supplementation of thiamine at 100
mg/day has been suggested for pa-
tients at risk of deficiency.129 Supple-
mentation of other vitamins, espe-
cially folic acid, at 1 mg/day may also
be necessary.

References
1. Khalidi N, Btaiche IF, Kovacevich DS,

eds. The parenteral and enteral nutrition
manual. 8th ed. Ann Arbor, MI: Univer-
sity of Michigan Health System; 2003.

2. Heyland DK, MacDonald S, Keefe L et
al. Total parenteral nutrition in the criti-
cally ill patient. A meta-analysis. JAMA.
1998; 280:2013-9.

3. Veterans Affairs Total Parenteral Nutri-
tion Cooperative Study Group. Periop-
erative total parenteral nutrition in sur-
gical patients. N Engl J Med. 1991; 325:
525-32.

4. Campbell IT. Limitations of nutrient in-
take. The effect of stressors: trauma, sep-
sis and multiple organ failure. Eur J Clin
Nutr. 1999; 53(suppl 1):S143-7.

5. Watters JM, Norris SB, Kirkpatrick SM.
Endogenous glucose production follow-
ing injury increases with age. J Clin En-
docrinol Metab. 1997; 82:3005-10.

6. Daley BJ, Bistrian BR. Nutritional assess-
ment. In: Zaloga GP, ed. Nutrition in
critical care. St. Louis: Mosby-Year
Book; 1994:9-33.

7. Bjerke HS, Shabot MM. Glucose intoler-
ance in critically ill surgical patients: re-
lationship to total parenteral nutrition
and severity of illness. Am Surg. 1992;
58:728-31.

8. Wolfe RR. Carbohydrate metabolism in
the critically ill patient. Implications for
nutritional support. Crit Care Clin.
1987; 3:11-24.

9. Mizock BA. Alterations in fuel metabo-
lism in critical illness: hyperglycaemia.
Best Pract Res Clin Endocrinol Metab.
2001; 15:533-51.

10. Cerra FB. Hypermetabolism, organ fail-
ure, and metabolic support. Surgery.
1987; 92:1-14.

11. Wolfe RR, O’Donnell TF, Stone MD et
al. Investigation of factors determining
the optimal glucose infusion rate in total
parenteral nutrition. Metabolism. 1980;
29:892-900.

12. Burke JF, Wolfe RR, Mullany CJ et al.
Glucose requirements following burn
injury. Ann Surg. 1979; 190:274-85.

13. Rosmarin DK, Wardlaw GM, Mirtallo J.
Hyperglycemia associated with high,
continuous infusion rates of total
parenteral nutrition dextrose. Nutr Clin
Pract. 1996; 11:151-6.

14. Chandra RK, Sarchielli P. Nutritional
status and immune responses. Clin Lab
Med. 1993; 13:455-61.

15. Mainous MR, Deitch EA. Nutrition and
infection. Surg Clin North Am. 1994; 74:
659-76.

16. Gogos CA, Kalfarentzos F. Total par-
enteral nutrition and immune system
activity: a review. Nutrition. 1995; 11:
339-44.

17. Hostetter MK. Handicaps to host de-
fense. Effects of hyperglycemia on C3
and Candida albicans. Diabetes. 1990; 39:
271-5.

18. Van Oss CJ, Border JR. Influence of in-
termittent hyperglycemic glucose levels



Metabolic complications

1947Am J Health-Syst Pharm—Vol 61  Sep 15, 2004

PRIMERS

on the phagocytosis of microorganisms
by human granulocytes in vitro. Immu-
nol Commun. 1978; 7:669-76.

19. Kwoun MO, Ling PR, Lydon E et al. Im-
munologic effects of acute hyperglyce-
mia in nondiabetic rats. JPEN J Parenter
Enteral Nutr. 1997; 21:91-5.

20. Black CT, Hennessey PJ, Andrassy RJ.
Short-term hyperglycemia depresses im-
munity through non-enzymatic glyco-
sylation of circulating immunoglobulin.
J Trauma. 1990; 30:830-3.

21. Pomposelli JJ, Baxter JK, Babineau TJ et
al. Early postoperative glucose control
predicts nosocomial infection rate in di-
abetic patients. JPEN J Parenter Enteral
Nutr. 1998; 22:77-81.

22. Furnay AP, Zerr KJ, Grunkemeier GL et
al. Continuous intravenous insulin infu-
sion reduces the incidence of deep ster-
nal wound infection in diabetic patients
after cardiac surgical procedures. Ann
Thorac Surg. 1999; 67:352-62.

23. Estrada CA, Young JA, Nifong LW et al.
Outcomes and perioperative hypergly-
cemia in patients with or without diabe-
tes mellitus undergoing coronary artery
bypass grafting. Ann Thorac Surg. 2003;
75:1392-9.

24. Guvener M, Pasaoglu I, Demircin M et
al. Perioperative hyperglycemia is a
strong correlate of postoperative infec-
tion in type II diabetic patients after cor-
onary artery bypass grafting. Endocr J.
2002; 49:531-7.

25. Van Den Berghe G, Wouters PJ, Weekers
F et al. Intensive insulin therapy in criti-
cally ill patients. N Engl J Med. 2001; 345:
1359-67.

26. Mowat A, Baum J. Chemotaxis of poly-
morphonuclear leukocytes from pa-
tients with diabetes mellitus. N Engl J
Med. 1971; 284:621-7.

27. Kjersem H, Hilsted J, Madsbad S et al.
Polymorphonuclear leucocyte dysfunc-
tion during short term metabolic chang-
es from normo- to hyperglycemia in
type 1 (insulin dependent) diabetic pa-
tients. Infection. 1988; 16:215-21.

28. Rayfield EJ, Ault MJ, Keusch GT et al.
Infection and diabetes: the case for glu-
cose control. Am J Med. 1982; 72:439-50.

29. Bagdade JD, Nielson KL, Bulger RJ. Re-
versible abnormalities in phagocytic
function in poorly controlled diabetic
patients. Am J Med Sci. 1972; 263:451-6.

30. McCowen KC, Malhotra A, Bistrian BR.
Stress-induced hyperglycemia. Crit Care
Clin. 2001; 17:107-24.

31. McMahon MM. What to do about hy-
perglycemia in hospitalized patients?
Nutr Clin Pract. 1997; 12:35-8.

32. Woolfson AM. An improved method for
blood glucose control during nutritional
support. J Parenter Enteral Nutr. 1981; 5:
436-40.

33. Golden SH, Peart-Vigilance C, Kao WH
et al. Perioperative glycemic control and
the risk of infectious complications in a
cohort of adults with diabetes. Diabetes
Care. 1999; 22:1408-14.

34. Van Den Berghe G, Wouters PJ, Bouillon

R et al. Outcome benefit of intensive in-
sulin therapy in the critically ill: insulin
dose versus glycemic control. Crit Care
Med. 2003; 31:359-66.

35. Driscoll DF. Clinical issues regarding the
use of total nutrient admixtures. DICP
Ann Pharmacother. 1990; 24:296-303.

36. Wolfe RR, Allsop JR, Burke JF. Glucose
metabolism in man: responses to intra-
venous glucose infusion. Metabolism.
1979; 28:210-20.

37. Liposyn III package insert. North Chica-
go, IL: Abbott Laboratories; 1998 Mar.

38. Overett TK, Bistrian BR, Lowry SF et al.
Total parenteral nutrition in patients
with insulin-requiring diabetes mellitus.
J Am Coll Nutr. 1986; 5:79-89.

39. Brown G, Dodek P. Intravenous insulin
nomogram improves blood glucose con-
trol in the critically ill. Crit Care Med.
2001; 29:1714-9.

40. Finney SJ, Zekveld C, Elia A et al. Glu-
cose control and mortality in critically ill
patients. JAMA. 2003; 290:2041-7.

41. Mesotten D, Van Den Berghe G. Clinical
potential of insulin therapy in critically
ill patients. Drugs. 2003; 63:625-36.

42. Nussbaum MS, Fischer JE. Pathogenesis
of hepatic steatosis during total par-
enteral nutrition. Surg Annu. 1991; 23
(pt. 2):1-11.

43. Hunter DC, Jaksic T, Lewis D et al. Rest-
ing energy expenditure in the critically
ill: estimations versus measurements. Br
J Surg. 1988; 75:875-8.

44. McClave SA, Snider HL. Use of indirect
calorimetry in clinical nutrition. Nutr
Clin Pract. 1992; 7:207-21.

45. Weisman C, Kemper M, Hyman AI.
Variation in the resting metabolic rate of
mechanically ventilated critically ill pa-
tients. Anesth Analg. 1989; 68:457-61.

46. Fischer KF, Lees JA, Newman JH. Hy-
poglycemia in hospitalized patients:
causes and outcomes. N Engl J Med.
1986; 315:1245-50.

47. Dudrick SJ, Macfadyen BV Jr, Van
Buren CT et al. Parenteral hyperalimen-
tation: metabolic problems and solu-
tions. Ann Surg. 1972; 176:259-64.

48. Wagman LD, Newsome HH, Miller KB
et al. The effect of acute discontinuation
of total parenteral nutrition. Ann Surg.
1986; 204:524-9.

49. Krzywda EA, Andris DA, Whipple JK et
al. Glucose response to abrupt initiation
and discontinuation of total parenteral
nutrition. JPEN J Parenter Enteral Nutr.
1993; 17:64-7.

50. Dickerson RN. How fast can I taper TPN
in a hospitalized patient? Hosp Pharm.
1985; 20:620-1.

51. Service FJ. Hypoglycemic disorders. N
Engl J Med. 1995; 332:1144-52.

52. Ladefoged K, Jarnum S. Metabolic com-
plications to total parenteral nutrition.
Acta Anaesthesiol Scand. 1985; 29:89-94.

53. Jeejeebhoy KN, Anderson GH, Nakhooda
AF et al. Metabolic studies in total
parenteral nutrition with lipid in man.
Comparison with glucose. J Clin Invest.
1976; 57:125-36.

54. Andrew F, Chan G, Schiff D. Lipid me-
tabolism in the neonate. I. The effects of
Intralipid infusion on plasma triglycer-
ide and free fatty acid concentrations in
the neonate. J Pediatr. 1976; 88:273-8.

55. Periera GR, Fox WW, Stanley CA et al.
Decreased oxygenation and hyper-
lipemia during intravenous fat infusions
in premature infants. Pediatrics. 1980;
66:26-30.

56. Prasertsom W, Phillipos EZ, Van Aerde
JE et al. Pulmonary vascular resistance
during lipid infusion in neonates. Arch
Dis Child. 1996; 74:F95-8.

57. Greene HL, Hazlett D, Demaree R. Rela-
tionship between Intralipid-induced hy-
perlipemia and pulmonary function. Am
J Clin Nutr. 1976; 29:127-35.

58. Brans YW, Dutton EB, Andrew DS et al.
Fat emulsion tolerance in very low birth
weight neonates: effect on diffusion of
oxygen in the lungs and blood pH. Pedi-
atrics. 1986; 78:79-84.

59. Cameron JL, Capuzzi DM, Zuidema GD
et al. Acute pancreatitis with hyper-
lipemia: the incidence of lipid abnor-
malities in acute pancreatitis. Ann Surg.
1973; 4:483-9.

60. Cameron JL, Capuzzi DM, Zuidema GD
et al. Acute pancreatitis with hyper-
lipemia: evidence of persistence defect in
lipid metabolism. Am J Med. 1974; 56:
482-7.

61. Grundy SM, Billheimer D, Chait A et al.
Summary of the second report of
the National Cholesterol Education
Program Expert Panel on Detection,
Evaluation, and Treatment of High Blood
Cholesterol in Adults. JAMA. 1993;
269:3015-23.

62. Samra JS, Summers LK, Frayn KN. Sep-
sis and fat metabolism. Br J Surg. 1996;
83:1186-96.

63. Park W, Paust H, Schroder H. Lipid in-
fusion in premature infants suffering
from sepsis. J Parenter Enteral Nutr.
1984; 8:290-2.

64. Zaidan H, Dhanireddy R, Hamosh M et
al. Lipid clearing in premature infants
during continuous heparin infusion:
role of circulating lipase. Pediatr Res.
1985; 19:23-5.

65. Taskinen M, Nikkila EA. Lipoprotein li-
pase of adipose tissue and skeletal mus-
cle in human obesity: response to glu-
cose and to semistarvation. Metabolism.
1981; 30:810-6.

66. Garber AJ, Vinik A, Creeps SR. Detec-
tion and management of lipid disorders
in diabetic patients. Diabetes Care. 1992;
15:1068-73.

67. Muscaritoli M, Cangiano C, Cascino A
et al. Exogenous lipid clearance in com-
pensated liver cirrhosis. J Parenter Enter-
al Nutr. 1986; 10:599-603.

68. Reaven GM, Swenson RS, Sanfelippo
ML. An inquiry into the mechanism of
hypertriglyceridemia in patients with
chronic renal failure. Am J Clin Nutr.
1980; 33:1476-84.

69. Attman PO, Samuellson O, Alaupovic P.
Diagnosis and classification of dyslip-



PRIMERS

1948 Am J Health-Syst Pharm—Vol 61  Sep 15, 2004

Metabolic complications

idemia in renal disease. Blood Purif.
1996; 14:49-57.

70. Hiasa Y, Nakanishi K, Tada K et al. Alco-
holic hypertriglyceridemia with de-
creased activity of lipoprotein lipase and
hepatic triglyceride lipase. Intern Med.
1993; 32:490-3.

71. Rapp RP, Donaldson ES, Bivins BA.
Parenteral nutrition in a patient with fa-
milial type IV hypertriglyceridemia: a di-
lemma. Ann Pharmacother. 1996; 83:
943-8.

72. Carmen JL. Lipid abnormalities and
acute pancreatitis. Hosp Pract. 1977; 12:
95-101.

73. Aguirrezabalaga J, Fernandez-Selles C,
Fraguela J et al. Lipid profiles after liver
transplantation in patients receiving ta-
crolimus or cyclosporin. Transplant
Proc. 2002; 34:1551-2.

74. Hoogeveen RC, Ballantyne CM, Pownall
HJ et al. Effect of sirolimus on the me-
tabolism of apoB100-containing lipo-
proteins in renal transplant patients.
Transplantation. 2001; 72:1244-5.

75. Bagdade JD, Porte D, Bierman EL.
Steroid-induced lipemia. Arch Intern
Med. 1970; 125:129-34.

76. Mateu-de-Antonio J, Barrachina F. Pro-
pofol infusion and nutritional support.
Am J Health-Syst Pharm. 1997; 54:2515-
6.

77. Eddleston JM, Shelly MP. The effect on
serum lipid concentrations of a pro-
longed infusion of propofol. Hypertri-
glyceridaemia associated with propofol
administration. Intensive Care Med.
1991; 17:424-6.

78. Barrachina F, Mateu-de-Antonio J. Pro-
pofol and hypertriglyceridemia: no
problem? Crit Care Med. 1999; 27:224-5.
Letter.

79. Aarsland A, Chinkes D, Wolfe RR. Con-
tributions of de novo synthesis of fatty
acids to total VLDL-triglyceride secre-
tion during prolonged hyperglycemia/
hyperinsulinemia in normal man. J Clin
Invest. 1996; 98:2008-17.

80. Aarsland A, Chinkes D, Wolfe RR. He-
patic and whole-body fat synthesis in
humans during carbohydrate overfeed-
ing. Am J Clin Nutr. 1997; 65:1774-82.

81. Acheson KJ, Schultz Y, Bessard T et al.
Glycogen storage capacity and de novo
lipogenesis during massive carbohydrate
overfeeding in man. Am J Clin Nutr.
1988; 48:240-7.

82. Tsuguhiko T, Mashima Y, Yamamori H
et al. Intravenous Intralipid 10% vs 20%
hyperlipidemia, and increase in lipopro-
tein X in humans. Nutrition. 1992; 8:
155-60.

83. Adamkin DH, Gelfke KN, Andrews BF.
Fat emulsions and hypertriglyceridemia.
J Parenter Enteral Nutr. 1984; 8:563-7.

84. Rigaud D, Serog P, Legrand A et al.
Quantification of lipoprotein X and its
relationship to plasma lipid profile dur-
ing different types of parenteral nutri-
tion. J Parenter Enteral Nutr. 1984; 8:
529-34.

85. Tashiro T, Mashima Y, Yamamori H et

al. Increased lipoprotein X causes hyper-
lipidemia during intravenous adminis-
tration of 10% fat emulsion in man.
JPEN J Parenter Enteral Nutr. 1991; 15:
546-50.

86. Griffin E, Breckenridge WC, Kuksis MH
et al. Appearance and characterization of
lipoprotein X during continuous In-
tralipid infusion in the neonate. J Clin
Invest. 1979; 64:1703-12.

87. Messing B, Peynet J, Poupon J et al. Ef-
fect of fat-emulsion phospholipids on
serum lipoprotein profile during 1 mo of
cyclic total parenteral nutrition. Am J
Clin Nutr. 1990; 52:1094-100.

88. Carpentier YA. Intravascular metabo-
lism of fat emulsions. Clin Nutr. 1989; 8:
115-25.

89. Haumont D, Deckelbaum RJ, Richelle
M et al. Plasma lipid and plasma lipo-
protein concentrations in low birth
weight infants given parenteral nutrition
with twenty or ten percent lipid emul-
sion. J Pediatr. 1989; 115:787-93.

90. Haumont D, Richelle M, Deckelbaum
RJ et al. Effect of liposomal content of
lipid emulsions on plasma lipid concen-
trations in low birth weight infants re-
ceiving parenteral nutrition. J Pediatr.
1992; 121:759-63.

91. Roulet M, Wiesel PH, Pilet M et al. Ef-
fects of intravenously infused egg phos-
pholipids on lipid and lipoprotein me-
tabolism in postoperative trauma. JPEN
J Parenter Enteral Nutr. 1993; 17:107-12.

92. Kalfarentzos F, Kokkinis K, Leukaditi K
et al. Comparison between two fat emul-
sions: Intralipid 30 cent vs Intralipid 10
cent in critically ill patients. Clin Nutr.
1998; 17:31-4.

93. Nordenstrom J, Thorne A. Comparative
studies on a new concentrated fat emul-
sion: Intralipid 30% vs. 20%. Clin Nutr.
1993; 12:160-7.

94. Garcia-de-Lorenzo A, Lopez-Martinez J,
Planas M et al. Safety and metabolic tol-
erance of a concentrated long-chain tri-
glyceride lipid emulsion in critically ill
septic and trauma patients. JPEN J
Parenter Enteral Nutr. 2003; 27:208-15.

95. Jeevanandam M, Holaday NJ, Voss T et
al. Efficacy of a mixture of medium-
chain triglyceride (75%) and long-chain
triglyceride (25%) fat emulsions in the
nutritional management of multiple-
trauma patients. Nutrition. 1995; 11:
275-84.

96. Wicklmayr M, Rett K, Dietze G et al.
Comparison of metabolic clearance rates
of MCT/LCT and LCT emulsions in dia-
betics. J Parenter Enteral Nutr. 1988; 12:
68-71.

97. Martin-Pena G, Culebras JM, De P
Barro-Ordovas JP et al. Effects of 2 lipid
emulsions (LCT versus MCT/LCT) on
the fatty acid composition of plasma
phospholipid: a double-blind random-
ized trial. JPEN J Parenter Enteral Nutr.
2002; 26:30-41.

98. Hailer S, Jauch KW, Wolfram G. Influ-
ence of different fat emulsions with 10 or
20% MCT/LCT or LCT on lipoproteins

in plasma of patients after abdominal
surgery. Ann Nutr Metab. 1998; 42:170-
80.

99. Ulrich H, Pastores SM, Katz DP et al.
Parenteral use of medium-chain triglyc-
erides: a reappraisal. Nutrition. 1996;
12:231-8.

100. Nijveldt RJ, Tan AM, Prins HA et al. Use
of a mixture of medium-chain triglycer-
ides and long-chain triglycerides versus
long-chain triglycerides in critically ill
surgical patients: a randomized prospec-
tive double-blind study. Clin Nutr. 1998;
17:23-9.

101. Druml W, Fischer M, Sertl S. Fat elimi-
nation in acute renal failure: long-chain
vs medium-chain triglycerides. Am J
Clin Nutr. 1992; 55:468-72.

102. Smirniotis V, Kostopanagiotou G,
Vassiliou J et al. Long chain versus me-
dium chain lipids in patients with
ARDS: effects on pulmonary haemody-
namics and gas exchange. Intensive Care
Med. 1998; 24:1029-33.

103. Masclans JR, Iglesia R, Bermejo B et al.
Gas exchange and pulmonary haemody-
namic responses to fat emulsions in
acute respiratory distress syndrome. In-
tensive Care Med. 1998; 24:918-23.

104. Abbott WC, Grakauskas AM, Bistrian
BR et al. Metabolic and respiratory ef-
fects of continuous and discontinuous
lipid infusions. Occurrence in excess of
resting energy expenditure. Arch Surg.
1984; 119:1367-71.

105. Ghisolfi J, Garcia J, Thouvenot JP et al.
Plasma phospholipid fatty acids and uri-
nary excretion of prostaglandins PGE1
and PGE2 in infants during total
parenteral nutrition, with continuous or
sequential administration of fat emul-
sion. J Parenter Enteral Nutr. 1986; 10:
631-4.

106. Seidner DL, Mascioli EA, Istfan NW et
al. Effects of long-chain triglyceride
emulsions on reticuloendothelial system
function in humans. J Parenter Enteral
Nutr. 1989; 13:614-9.

107. Jensen GL, Mascioli EA, Seidner DL et
al. Parenteral infusion of long- and
medium-chain triglycerides and reticu-
loendothelial system function in man. J
Parenter Enteral Nutr. 1990; 14:467-71.

108. Waitzberg DL, Lotierzo PH, Logullo AF
et al. Parenteral lipid emulsions and
phagocytic systems. Br J Nutr. 2002;
87(suppl 1):S49-57.

109. Iriyama K, Tsuchibashi T, Urata H et al.
Elimination of fat emulsion particles
from plasma during glucose infusion. Br
J Surg. 1996; 83:946-8.

110. Meguid MM, Schimmel E, Johnson WC
et al. Reduced metabolic complications
in total parenteral nutrition: pilot study
using fat to replace one-third of glucose
calories. J Parenter Enteral Nutr. 1982;
6:304-7.

111. Lindholm M. Critically ill patients and
fat emulsions. Minerva Anestesiol. 1992;
58:875-9.

112. Theilen HJ, Adam S, Albrecht MD et al.
Propofol in medium- and long-chain



Metabolic complications

1949Am J Health-Syst Pharm—Vol 61  Sep 15, 2004

PRIMERS

triglyceride emulsion: pharmacological
characteristics and potential beneficial
effects. Anesth Analg. 2002; 95:923-9.

113. Dewandre J, Van Bos R, Van Hemelrijck
J et al. A comparison of the 2% and 1%
formulations of propofol during anaes-
thesia for craniotomy. Anaesthesia. 1994;
49:8-12.

114. Druml W, Fischer M, Ratheiser K et al.
Use of intravenous lipids in critically ill
patients with sepsis without and with he-
patic failure. JPEN J Parenter Enteral
Nutr. 1998; 22:217-23.

115. Elia M, Livesey G. Theory and validity of
indirect calorimetry during net lipid
synthesis. Am J Clin Nutr. 1988; 47:591-
607.

116. Delafosse B, Bouffard Y, Viale JP et al.
Respiratory changes induced by
parenteral nutrition in postoperative pa-
tients undergoing inspiratory pressure
support ventilation. Anesthesiology.
1987; 66:393-6.

117. Liposky JM, Nelson LD. Ventilatory re-
sponse to high caloric loads in critically
ill patients. Crit Care Med. 1994; 22:796-
802.

118. Covelli HD, Black JW, Olsen MS et al.
Respiratory failure precipitated by high
carbohydrate loads. Ann Intern Med.
1981; 95:579-81.

119. Aranda-Michael J, Morgan SL. Over-
feeding in a patient with kwashiorkor
syndrome. Nutrition. 1996; 12:623-5.

120. Aguilaniu B, Goldstein-Shapses S, Pajon
A et al. Muscle protein degradation in
severely malnourished patients with
COPD subject to short-term TPN. JPEN
J Parenter Enteral Nutr. 1992; 16:248-54.

121. Askanazi J, Rosenbaum SH, Hyman AI
et al. Respiratory changes induced by the
large glucose loads of total parenteral
nutrition. JAMA. 1980; 243:1444-7.

122. Sullivan DH, Sun S, Walls RC. Protein
energy undernutrition among elderly
hospitalized patients. JAMA. 1999;
281:2013-9.

123. Guenst JM, Nelson LD. Predictors of to-
tal parenteral nutrition-induced lipo-
genesis. Chest. 1994; 105:553-9.

124. Talpers SS, Romberger DJ, Bunce SB
et al. Nutritionally associated in-
creased carbon dioxide production.
Excess total calories vs. high propor-
tion of carbohydrate calories. Chest.
1992; 102:551-5.

125. Jebb SA, Prentice AM, Goldberg GR et
al. Changes in macronutrient balance
during over- and underfeeding assessed
by 12-d continuous whole body calo-
rimetry. Am J Clin Nutr. 1996; 64:259-
66.

126. Horton TJ, Drougas H, Brachey A et al.
Fat and carbohydrate overfeeding in hu-
mans: different effects on energy storage.
Am J Clin Nutr. 1995; 62:19-29.

127. Rodriguez JL, Askanazi J, Weissman C et
al. Ventilatory and metabolic effects of
glucose infusions. Chest. 1985; 88:512-8.

128. Solomon SM, Kirby DF. The refeeding
syndrome: a review. J Parenter Enteral
Nutr. 1990; 14:90-7.

129. Brooks MJ, Melnik G. The refeeding
syndrome: an approach to understand-
ing its complications and preventing its
occurrence. Pharmacotherapy. 1995; 15:
713-26.

130. Weinsier RL, Krumdieck CL. Death re-
sulting from overzealous total parenteral
nutrition: the refeeding syndrome revis-
ited. Am J Clin Nutr. 1980; 34:393-9.

131. Crook MA, Hally V, Panteli JV. The im-
portance of the refeeding syndrome. Nu-
trition. 2001; 17:632-7.

132. Huang YL, Fang CT, Tseng MC et al.
Life-threatening refeeding syndrome in
a severely malnourished anorexia ner-
vosa patient. J Formos Med Assoc. 2001;
100:343-6.

133. Heymsfield SB, Bethel RA, Ansley JD et
al. Cardiac abnormalities in cachectic
patients before and during nutritional
repletion. Am Heart J. 1978; 95:584-94.

134. Gottdiener JS, Gross HA, Henry WL et
al. Effects of self-induced starvation on
cardiac size and function in anorexia
nervosa. Circulation. 1978; 58:425-33.

135. Nesbakken R, Reinlie S. Magnesium and
phosphorus: the electrolytes of energy
metabolism. Acta Anaesthesiol Scand.
1985; 29:60-4.

136. O’Connor LR, Wheeler WS, Bethune JE.
Effect of hypophosphatemia on myocar-
dial performance in man. N Engl J Med.
1977; 297:901-3.

137. Aubier M, Muciano D, Lecocguie Y et al.
Effect of hypophosphatemia on dia-
phragmatic contractility in patients with
acute respiratory failure. N Engl J Med.
1977; 313:420-4.

138. Lichtman MA, Miller DR, Cohen J et al.
Reduced red cell glycolysis, 2,3-diphos-

phoglycerate and adenosine triphos-
phate concentration, and increased
hemoglobin-oxygen affinity caused by
hypophosphatemia. Ann Intern Med.
1971; 74:562-8.

139. Silvis SE, Paragas PD. Paresthesias,
weakness, seizures, and hypophos-
phatemia in patients receiving hyperali-
mentation. Gastroenterology. 1972; 62:
513-20.

140. Brophy DF, Gehr TW. Disorders of po-
tassium and magnesium homeostasis.
In: Di Piro JT, Talbert RL, Yee GC et al.,
eds. Pharmacotherapy: a pathophysio-
logic approach. 5th ed. New York:
McGraw-Hill; 2002:981-93.

141. Baughman FA, Papp JP. Wernicke’s en-
cephalopathy with intravenous hyperali-
mentation: remarks on similarities be-
tween Werncke’s encephalopathy and
the phosphate depletion syndrome. Mt
Sinai J Med. 1976; 43:48-52.

142. Reuler JB, Girard DE, Cooney TG. Wer-
nicke’s encephalopathy. N Engl J Med.
1985; 312:1035-9.

143. Mattioli S, Miglioli M, Montagna P et al.
Wernicke’s encephalopathy during total
parenteral nutrition: observation in one
case. J Parenter Enteral Nutr. 1988; 12:
626-7.

144. Romanski SA, McMahon M, Molly M.
Metabolic acidosis and thiamine defi-
ciency. Mayo Clin Proc. 1999; 74:259-63.

145. Kitamura K, Takahashi T, Tanaka H et
al. Two cases of thiamine deficiency-
induced lactic acidosis during total
parenteral nutrition. Tohoku J Exp Med.
1993; 171:129-33.

146. Barrett TG, Forsyth JM, Nathavitharana
KA et al. Potentially lethal thiamine defi-
ciency complicating parenteral nutrition
in children. Lancet. 1993; 341:901-2.

147. Centers for Disease Control and Preven-
tion. Deaths associated with thiamine-
deficient total parenteral nutrition.
MMWR. 1989; 38:43-6.

148. Centers for Disease Control and Preven-
tion. Lactic acidosis traced to thiamine
deficiency related to nationwide short-
age of multivitamins for total parenteral
nutrition. MMWR. 1997; 46:523-8.

149. American Medical Association Depart-
ment of Foods and Nutrition Nutrition
Advisory Group. Multivitamin prepara-
tions for parenteral use, 1975. J Parenter
Enteral Nutr. 1979; 3:258-62.


