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94 KLEIN & COBURN 

CLINICAL PROBLEMS IN MINERAL METABOLISM 

AND PARENTERAL NUTRITION 

Metabolic bone disease has complicated the long-term use of parenteral 
nutrition in both adults and infants . The bone disease may be asymptomatic 
and associated with only roentgenographic evidence of demineralization (70). 
Alternatively, it may manifest itself as incapacitating periarticular pain (3 1 ) ,  
occasionally with fractures in adults (70) , or as rickets with or without 
fractures in growing infants (28). Dynamic studies with tetracycline may 
show bone formation to be reduced, and histologically, the patients may 
exhibit osteomalacia (52) and/or reduced bone area (7 1 ) .  Disturbances in bone 
and mineral metabolism associated with parenteral nutrition likely contribute 
to the pathogenesis of these skeletal problems. 

Table 1 Content of maintenance parenteral nutrition solutions:a nutrients 
per day 

Dextrose 
Proteinb 
Sodium 
Chloride 
Potassium 

Phosphate 
Calcium' 

Magnesium 

Acetate 
Multivitamin infusiond 
Trace element solution" 

Selenium 

Fat emulsion 

Children 

10--30% 
2 g/kg 
2-3 mmollkg 
2-3 mmollkg 
2-3 mmollkg 

1-2 mmollkg 
20-40 mg/kg 
(0.5-1 mmollkg) 
30--60 mg/kg 
(1.2-2.5 mmol/kg) 
0--2 mmollkg 
I vial 
0.3 ml/kg 
(up to 3 ml) 
3 fLg/kg 
(maximum 30 fLg) 
1--4 g fat/kg 

a As used at the University of Texas Medical Branch. 
b As crystalline amino acids. 
cAs 10% calcium gluconate. 

Adults 

10--30% 
1-1.5 g/kg 
60--150 mmol 
60--150 mmol 
60--150 mmol 

20--40 mmol 
180--360 mg 
(4.5-9 mmo!) 
100--300 mg 
(4-12 mmol) 
0--20 mmol 
I vial 
3 ml 

1-4 g fat/kg 

d Multivitamin infusion for pediatric solutions contains the following per vial: vita­
min A 0.7 mg. vitamin C 80 mg. vitamin D 10 ",g (400 IU), vitamin E 7 mg, vitamin 
KI 200 ",g, folic acid 140 ",g, biotin 20 ",g. thiamine 1.2 mg, riboflavin 1.4 mg, 
niacinamide 17 mg, pyridoxine 1 mg, cyanocobalamin I ",g, dexpanthenol 5 mg. 
Multivitamin infusion for adult solutions contains the following per vial: vitamin A I 
mg, vitamin C 100 mg, vitamin D 5 p.g (200 IU), vitamin E 10 p.g. folic acid 400 p.g. 
biotin 60 p.g, thiamine 3 mg. riboflavin 3.6 mg, niacinamide 40 mg, pyridoxine 4 mg, 
cyanocobalamin 5 ",g, dexpanthenol 15 mg. 

'Fur pediatrics the trace element solution (3 m!) provides zinc 3 mg, copper 300 ",g, 
chromium 3 p.g, manganese 75 Jig. For adults the trace element solution (3 m!) 
provides zinc 3 mg, copper 1.2 mg, chromium 12 p.g. manganese 300 Jig. 
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TPN AND BONE METABOLISM 95 

In this review we discuss the perturbation in bone and mineral homeostasis 
that arises as a result of long-term parenteral nutrition, and we consider how 
the body responds when nutrients are provided directly into the blood and 
bypass the intestine as the nutritional route. This review focuses on patients 
receiving prolonged parenteral nutrition (e .g .  many months) and not on those 
receiving it for only a few weeks or less. Thus, greater amounts of nutrients 
may be required for treatment of malnutrition and marked hypophosphatemia 
that are encountered during the early period of parenteral nutrition than are 
needed later when tissue repair is no longer occurring. 

COMPOSITION OF PARENTERAL NUTRITION 

SOLUTIONS AND METHODS OF ADMINISTRATION 

In parenteral nutrition, hyperosmolar nutrient-dense solutions are adminis­
tered by vein to individuals in whom intestinal dysfunction renders the 
alimentary tract incapable of digesting and absorbing the nutrients necessary 
to prevent and treat malnutrition . Generally, hospital pharmacies prepare 
either standardized or individualized sterile solutions under laminar flow 
conditions. Typical solutions used at the University of Texas Medical Branch 
at Galveston are shown in Table I. The solutions include (a) the macronutri­
ents carbohydrates,  protein, and fat, (b) the micronutrient electrolytes, (c) the 
major minerals, such as calcium, phosphate , and magnesium, (d) vitamins , 
and (e) trace elements , such as zinc , copper, selenium, chromium, and 
manganese. 

CALCIUM AND PHOSPHATE HOMEOSTASIS: NORMAL 

MECHANISMS AND EFFECT OF PARENTERAL 

NUTRITION 

Parenteral nutrition may alter calcium and phosphate homeostasis by the 
following mechanisms: (a) the continuous provision of nutrients rather than 
periodic ingestion in the diet, (b) a lack of intestinal absorption, (c) alteration 
of urinary excretion of calcium and phosphate , (d) altered distribution of 
calcium and phosphate pools in soft tissue , bone , and intracellular spaces ,  (e) 

changes in secretion and/or action of parathyroid hormone , and (j) changes in 
the production and bioactivation of vitamin D. No studies have been per­
formed comparing the effects of continuous and periodic nutrient intakes on 
mineral homeostasis .  The other perturbations listed above are discussed 
below . 

Intestinal Absorption 

Under normal circumstances,  dietary calcium enters the blood via absorption, 
primarily from the duodenum and jejunum; this occurs by both pericellular 
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96 KLEIN & COBURN 

nonsaturable passive diffusion and transepithelial saturable active transport , 
which is dependent on calcitriol , or 1,25-dihydroxyvitamin D3 (1,25(OHhD3) 
( 19) . This biologically active vitamin D sterol stimulates the production of 
intracellular calcium-binding proteins(s) ( 19) , and it may alter the phospholip­
id composition of the enterocyte membrane ( 14). Indirectly, the intestine 
buffers the variation in dietary calcium intake by altering the efficiency of 
calcium absorption; thus, in a healthy adult, an increase in calcium intake 
from 220 to 2000 mg per day results in a reduction of efficiency of calcium 
absorption from 70 to 20% (49) . This reduced efficiency occurs via a complex 
regulatory mechanism: First, a small rise in serum calcium is brought about 
by increased calcium absorption; parathyroid hormone (PTH) secretion is 
reduced, which in tum decreases the activity of the renal enzyme 25-
hydrooxyvitamin D-l -a hydroxylase and leads to decreased production of 
1 ,25(OHhD; finally, the lower serum 1 ,25(OHh D concentration decreases 
the efficiency of calcium absorption (49) . 

During parenteral nutrition , this normal regulatory system is lost; the 
intestine is bypassed and the "dietary" calcium load is provided by the 
continuous infusion of a constant amount of calcium directly into the blood. 
An indication that this constant calcium infusion suppresses the intestinal 
calcium regulatory pathway is provided by observations that serum con­
centrations of both parathyroid hormone (PTH) and 1 ,25(OHhD are in the 
low normal range (29, 72) or even subnormal (29, 70) in patients receiving 
parenteral nutrition therapy. 

Dietary phosphate is normally absorbed by an active transport process 
when luminal phosphate concentration is in the range provided by most 
normal diets (23) . Approximately 70--80% of dietary phosphate is absorbed 
over a range of dietary intake from 500 to 2200 mg per day. Changes in the 
serum concentrations of 1 ,25(OHhD may affect the efficiency of intestinal 
phosphate transport, but the buffering capacity of the intestine for phosphate 
homeostasis is considerably less than that for calcium (49) . For this reason, 
bypass of intestinal absorption of phosphate by means of parenteral nutrition 
is less significant than bypass of intestinal absorption of calcium by this 
means. 

Urinary Excretion 

CALCIUM Under circumstances of normal dietary intake, variations of oral 
calcium ingestion have little predictable effect on urinary calcium excretion. 
This is due in part to intestinal adaptation to the changes in oral calcium 
intake. However , urinary calcium excretion does vary directly with the 
quantity of calcium absorbed (49) . Diurnal variation is normal , and more 
calcium is excreted during the day ( 1 1) .  The mechanism that explains the 
relationship between absorption and urinary excretion involves the calcium-
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TPN AND BONE METABOLISM 97 

parathyroid hormone axis.  With increased intestinal calcium absorption, 
serum calcium concentration rises by a small increment; the latter both 
increases the filtered load of calcium and reduces PTH secretion (49) . With 
normally functioning kidneys, both these factors cause the tubular reabsorp­
tion of calcium to be decreased, and therefore urinary calcium excretion rises. 
The reverse would occur with reduced intestinal calcium absorption. Dietary 
sugar and protein, however, also affect urinary calcium excretion. The greater 
the protein intake, the greater the urinary excretion of calcium (42, 43). This 
phenomenon may be related to the quantity of sulfur-containing amino acids 
ingested (80). Other data (4) indicate that a high-protein intake can lead to 
glomerular hyperfiltration with a propensity to increase calcium excretion. 

Patients receiving continuous parenteral nutrition demonstrate a linear 
relationship between infused calcium and urinary calcium excretion in a 
manner analogous to the data obtained for the relationship between absorbed 
dietary calcium and urinary calcium excretion in normal individuals (Figure 
1 )  (39). 

In parenteral nutrition patients, a direct relationship has also been demon­
strated between urinary calcium excretion and (a) the protein infused (3, 27, 
39), (b) the infused sodium (39), and (c) the glomerular filtration rate (39). 
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Figure 1 Relationship between urinary calcium excretion and absorbed calcium in subjects with 

normal dietary intake or infused calcium in patients receiving long-term parenteral nutrition 

without evidence of aluminum loading. The dashed line represents the regression for infused 

calcium; solid line, absorbed calcium. Data for absorbed calcium were collected from several 

sources by Neer (49); data for infused calcium were obtained from Lipkin et al (39). The 

similarity of the relationships is apparent. 
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98 KLEIN & COBURN 

An inverse correlation between urinary calcium excretion and the phosphate 
content of parenteral nutrition solutions has been reported ( 1 ,  79); this paral­
lels a similar relationship that has been described with changes in oral 
phosphate intake (54); the underlying mechanism is discussed below. In a 
cross-sectional study, Lipkin et al described a temporal adaptation that oc­
curred in their patients: urinary calcium exceeded calcium intake with short­
term parenteral nutrition (mean duration of therapy, 3.3 months) , but there 
was a net positive calcium balance with calcium intake surpassing urinary 
excretion in the long-term patients (mean duration of therapy, 55 .2 months) 
(39) . 

Most patients treated with long-term parenteral nutrition receive infusions 
over a 12-h overnight period during the 24-h day. Under those circumstances,  
urinary calcium excretion during the infusion period greatly exceeds the 
postinfusion rate of excretion and overrides the normal diurnal variation in 
calcium excretion. The serum concentrations of PTH, obtained once during 
the infusion period and once during the post-infusion period, did not change 
significantly , but small alterations of PTH concentrations that are not measur­
able by the assay method cannot be excluded. Furthermore, a permissive role 
of low levels of PTH in this alteration of urinary calcium excretion cannot be 
discounted. 

Whether or not the total 24-h urine calcium excretion associated with 12-h 
cyclic administration of parenteral nutrition solutions is greater than that 
associated with continuously infused parenteral nutrition solutions is a matter 
of dispute. Wood et al (78) suggest that the negative calcium balance found in 
some patients can be attributed to the increased filtered calcium load associ­
ated with cyclically administered parenteral nutrition. However , urinary cal­
cium excretion during cyclic parenteral nutrition was not found to exceed 
urinary calcium excretion during continuous administration by either Klein et 
al (27) or Lipkin et al (39), both of whom studied a larger number of patients . 

PHOSPHATE Under normal conditions the kidney is the chief regulator of 
phosphate balance. Since the intestinal absorption of phosphate is quite 
efficient, variations in renal excretion of phosphate preserve serum phospho­
rus levels within a broad normal range . The factors that produce these changes 
in renal tubular phosphate absorption are unknown, but they are not de­
pendent on PTH concentrations (54). The ingestion of very large quantities of 
phosphate can produce transient hyperphosphatemia. In normal adults given a 
phosphate-supplemented diet, the elevated serum phosphorus levels gradually 
fell and eventually reached the concentrations observed with a normal phos­
phate intake. This occurred without any change in PTH levels and presumably 
was due to the rapidly increased urinary phosphate excretion (53, 54). With 
dietary phosphate restriction, urinary phosphate excretion falls within 4 h in 
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TPN AND BONE METABOLISM 99 

rats (36) and in less than 24 h in humans; this is due primarily to intrinsic renal 
mechanisms, as serum PTH levels did not change significantly during this 
time (54). 

In patients receiving parenteral nutrition, phosphate excretion is primarily a 
function of intake . Serum phosphorus concentrations were normal or slightly 
elevated in patients on long-term parenteral nutrition and receiving a phos­
phate intake of 5 1  mmol/day; serum phosphorus did not change significantly 
when the phosphate load was reduced to 29 mmol/day, but urinary phosphate 
excretion decreased (76) . In one patient, removal of phosphate from the 
parenteral solution resulted in a 69% decrease in daily phosphate excretion 
after 24 h (unpublished data) . In none of these studies were serum phosphorus 
levels measured frequently during the day or night; therefore ,  the profound 
effect that small changes in serum phosphorus levels exert on urinary phos­
phorus excretion (53) cannot be excluded. 

With regard to cyclic parenteral nutrition, neither Klein et al (27) nor 
Lipkin et al (39) could detect differences in urinary phosphate excretion 
during periods of infusion and periods of no infusion. However , when glucose 
was removed from the parenteral nutrition solution, urinary phosphate excre­
tion was significantly greater during the hours of infusion than during the 
noninfusion hours (27) . Shike et al observed negative phosphate balance 
ranging from 6 to 424 mg per day in 7 of 13 home parenteral nutrition patients 
studied, but this finding was not explained (7 1) .  

Buffering By Bone, Soft Tissue, and Intracellular Pools 

Under normal circumstances, bone, soft tissue, and intracellular com­
partments can buffer disturbances in serum concentrations of calcium and can 
assist the intestine and kidneys in maintaining the serum calcium concentra­
tion within a narrow normal range (49). Under conditions that tend to increase 
serum calcium concentrations, uptake of calcium by the bone is increased. 
Also, because serum PTH concentrations fall ,  bone resorption is decreased 
and consequently the flux of calcium from bone into the blood is less (49). On 
the other hand, under conditions such as malabsorption, which may reduce 
serum calcium concentration, the higher PTH secretion can cause increased 
skeletal resorption with an increased flux of calcium into the blood (49) . 

Patients receiving parenteral nutrition were initially reported to exhibit 
hypercalciuria and often to be in negative calcium balance (3 1) .  However, 
those patients were subsequently discovered to have aluminum loading with 
high bone aluminum content and very low bone turnover (26 , 52). It was 
postulated that the reduced bone turnover may have resulted in reduced bone 
uptake of infused calcium (76), leading to hypercalciuria. Consistent with this 
hypothesis, one of these patients demonstrated increased calciuria in response 
to an increase of calcium in the parenteral infusate (Figure 2). After the 
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100 KLEIN & COBURN 
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• 
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• 

700 

Figure 2 Relationship between urinary calcium and infused calcium in an aluminum-loaded 

patient managed with parenteral nutrition (solid circles). These values are considerably higher 

than the dashed line, which represents the relationship between urinary calcium and infused 

calcium in parenteral nutrition patients lacking evidence of aluminum loading (shown in Figure 

1). 

aluminum contamination of parenteral nutrition solutions had been reduced, 
the relation between urinary calcium excretion and calcium intake was similar 
to that seen with intestinal absorption of similar quantities of calcium (76) 
(Figure 1). Thus, bone would appear to be capable of providing normal 
buffering activity. Further support for this conclusion comes from data 
demonstrating improved or normal bone formation rates (40, 76) and normal 
serum levels of both PTH (40, 76) and osteocalcin (4 1 )  in patients on 
parenteral nutrition who either never received aluminum-contaminated solu­
tions or who had received casein hydrolysate in the distant past and then were 
converted to solutions with negligible aluminum. 

No studies of patients receiving parenteral nutrition have examined the 
contribution of skeletal, soft tissue, and intracellular compartments to the 
maintenance of normal serum phosphorus concentration. Preliminary studies 
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TPN AND BONE METABOLISM 1 0 1  

of phosphate restriction i n  two patients on parenteral nutrition failed to 
demonstrate the expected increase in serum concentrations of 1 ,25(OHhD, 
and the serum PTH levels fell slightly in only one of the two patients (29a) . 
More information is needed before a comparison can be made with adaptation 
to the altered dietary phosphate absorption. 

Parathyroid Hormone Secretion and Action 

In normal adults , serum levels of PTH respond within minutes to acute 
variations in serum calcium concentrations , and with calcium levels between 
7 .0 and 10 .5 mg/dl, both maximum and minimum PTH secretory rates are 
observed (49) . A component of PTH secretion cannot be suppressed even in 
the presence of hypercalcemia. If hypocalcemic stimuli are sustained, as in 
chronic renal failure or other prolonged hypocalcemic states , hyperplasia of 
the parathyroid glands produces an even greater response of PTH to hypocal­
cemia (49). Furthermore, should the hypocalcemic stimulus be removed, as 
for example, after the adequate treatment of a cause of intestinal malabsorp­
tion, the increased basal secretion of PTH that arises because of increased 
parathyroid mass can actually produce hypercalcemia (49) . 

An acute elevation of serum phosphorus can indirectly affect PTH secretion 
by causing transient hypocalcemia as the solubility product of calcium and 
phosphate is exceeded. Conversely, marked hypophosphatemia will increase 
skeletal calcium release and tend to raise the serum calcium concentration 
(49) , although elevated levels have only been identified in phosphate-depleted 
infants (65) and not in adults . 

In addition to calcium and phosphate , 1,25(OHhD3 can regulate PTH 
secretion. The parathyroid cells have high-affinity receptors for this vitamin D 
sterol (6), and concentrations of 1 ,25(OHhD3 as low as 10-10 to 10-11 M can 
suppress PTH secretion and reduce the level of messenger RNA for pre-pro­
PTH both in vitro (49) and in vivo (5) . 

Patients receiving parenteral nutrition have generally demonstrated 
circulating PTH levels in the low normal or even subnormal range (29, 72) .  
This can be  attributed in part to the maintenance of normal serum calcium 
concentration by either the continuous or cyclic infusion of calcium (27, 29) . 
Neither the infusion of a parenteral nutrition solution in general nor aluminum 
loading in particular seems to impair the direction of the PTH response to the 
removal of calcium from the solution; however, the magnitude of the PTH 
release compared to that in normal individuals has not been studied. 

In patients receiving chronic therapy with parenteral nutrition and with 
demonstrated aluminum loading, the transient removal of calcium from the 
parenteral solutions resulted in a rise in serum PTH concentrations in associa­
tion with a slight fall in serum calcium levels (29, 29a). This is of particular 
interest because aluminum loading, both in vitro or in vivo, can impair PTH 
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102 KLEIN & COBURN 

secretion (2, 33, 47) . Studies of adults receiving long-term parenteral nutri­
tion both during and after the removal of aluminum-contaminated solution 
components demonstrated a small but statistically significant increase in 
serum PTH concentration after removal of the source of aluminum loading 
(Figure 3; 76) .  Whether or not this small increase in PTH implies that 
aluminum loading contributes to the low-normal serum PTH concentrations is 
uncertain .  

No studies of  the effects of  PTH on either renal tubular calcium reabsorp­
tion or bone resorption have been performed in patients receiving parenteral 
nutrition therapy . Fractional urinary phosphate excretion (phosphate clear­
ance/creatinine clearance) in four long-term parenteral nutrition patients was 
not significantly higher when calcium was removed from the parenteral 
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Figure 3 Serum concentration and immunoreactive parathyroid hormone (PTH) by mid-region 
assay (74) in normal controls, total parenteral nutrition patients (TPN) with tissue aluminum 

loading (TPN + AI), and total parenteral nutrition patients without evidence of tissue aluminum 

loading (TPN no AI). Data are modified from Slatopolsky et al (74) and Vargas et al (76). 
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TPN AND BONE METABOLISM 103 

solution than when it was present; also, the fractional urinary phosphate 
excretion did not correlate with the serum PTH levels (G. L. Klein and J. W .  
Coburn, unpublished data) . In a group of ten patients receiving parenteral 
nutrition, removal of calcium from the parenteral solution for 2-4 days 
resulted in a fall in fractional urinary excretion of calcium but no detectable 
change in serum PTH concentration (27). Thus, it is not certain that urinary 
calcium excretion falls as a result of PTH action on the kidney. 

Vitamin D Metabolism 

As a fat-soluble vitamin, vitamin D2 (ergocalciferol) is normally absorbed in 
the upper small intestine ( 19). In the presence of a steatorrheic condition, such 
as cholestatic liver disease in childhood, the formation of mixed micelles for 
absorption of fat and fat-soluble vitamins is reduced; consequently vitamin D 
and fat are both malabsorbed. If such a patient is not exposed to adequate 
sunlight, this malabsorption of vitamin D can lead to decreased serum con­
centrations of 25(OH)D. Calcium is often malabsorbed along with the vitamin 
D, with resultant hypocalcemia and secondary hyperparathyroidism. Serum 
calcium concentrations may increase to normal owing to skeletal resorption 
and increased tubular reabsorption of calcium; serum concentrations of 
1 ,25(OH)2D may range from normal to increased because of the high PTH 
levels .  

In  a patient receiving parenteral nutrition, there i s  no apparent need for 
intestinal calcium absorption since all calcium is supplied parenterally. In 
fact, neonatologists have recommended a reduced requirement for vitamin D 
in infants receiving parenteral nutrition ( 16), and the content of vitamin D in 
the multivitamin preparation used for adults receiving parenteral nutrition has 
also been lowered (40, 76) . Some early reports of metabolic bone disease in 
patients on parenteral nutrition suggested that vitamin D may in fact have 
been responsible (70, 72), but those observations have not been confirmed 
(40, 7 1 ,  76). 

Initial reports of patients on parenteral nutrition and with metabolic bone 
disease described low serum levels of 1 ,25(OHhD and normal serum con­
centrations of 25(OH)D (29, 72) and 24,25(OHhD (29). To explain these 
findings, researchers originally hypothesized that the maintenance of normal 
serum calcium concentration by continuous or cyclic calcium-containing 
infusions gave rise to a physiologic hypoparathyroidism, with reduced 
stimulation of the 25(OH)D-l-a hydroxylase (72) . However, although the 
induction of hypocalcemia by removing calcium from the parenteral solution 
in a group of parenteral nutrition patients was followed by a rise in serum PTH 
levels, the low or undetectable serum concentrations of 1 ,25(OHhD did not 
change (29, 29a) . Furthermore, one patient with low serum 1 ,25(OHhD 
levels and normal concentrations of 25(OH)D and 24 ,25(OHhD continued to 
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104 KLEIN & COBURN 

exhibit low serum levels of 1,25(OH)zD for six weeks after the parenteral 
nutrition was discontinued; only then did the levels of 1 ,25(OHhD rise into 
the normal range (29) . Taken together , these findings suggested a toxic effect 
of a component of the parenteral nutrition solution on the 25(OH)D-l-a 
hydroxylase. This group of patients was later found to have aluminum loading 
as a consequence of aluminum in the parenteral nutrition solution that con­
tained casein hydrolysate (26) . Following a reduction of aluminum content of 
the parenteral solutions, the serum levels of 1,25(OHhD rose to normal in 
these patients (76). A small rise in serum 1,25(OHhD concentrations was 
also demonstrated following treatment of aluminum-loaded patients with 
end-stage renal disease with deferoxamine for the chelation of aluminum (12) . 
Also, other patients treated with parenteral nutrition solution of low­
aluminum content have demonstrated no aluminum accumulation in tissues 
and have had normal serum levels of 1 ,25(OHhD and PTH. These data 
provide strong evidence that aluminum accumulation was responsible for the 
low kvels of 1 ,25(OH)zD, an observation confirmed in experimental animals 
(20) . However , the biological action or necessity of 1 ,25(OH)zD in patients 
receiving parenteral nutrition support is not clear . The existence of receptors 
for 1 ,25(OH)zD in many metabolically active tissues (19) suggests that 
vitamin D may be an important hormone precursor, even when there is no 
need for calcium absorption . The consequences of the total withdrawal of 
vitamin D from parenteral solutions over very long-term periods are un­
certain. 

Finally, the predominant circulating form of vitamin D in parenteral nutri­
tion patients is ergocalciferol, or vitamin D2, the medicinal form derived from 
a plant precursor (22, 29) . In normal individuals , the predominant circulating 
form is vitamin D3 , or cholecalciferol, which is generated in the skin from 
sunlight exposure (19) . In humans, the two forms show no apparent di­
fferences in physiologic activity (34). 

Other Factors Involved in Calcium Homeostasis 

Parenteral nutrition patients have normal serum concentrations of calcitonin 
(L. J. Deftos and J. W. Coburn, unpublished data) , a hormone that can 
oppose certain skeletal resorbing effects of PTH in animals (8b) , of vitamin 
D-billding protein (J. Haddad and J. W. Coburn, unpublished data) , and of 
pyrophosphate , an inhibitor of mineralization (45). 

Another theoretical effect of parenteral nutrition on calcium and phosphate 
homeostasis could arise from the effect of gastrointestinal hormones. In 
animals,  the ingestion of calcium, the administration of gastrin and cholecys­
tokinin, and perhaps other factors can stimulate the secretion of calcitonin, 
which could theoretically interfere with PTH-mediated skeletal resorption but 
not with the renal actions of PTH. Parenteral nutrition patients have in-
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TPN AND BONE METABOLISM 105 

significant enteral calcium absorption and decreased production of gastroin­
testinal hormones, including gastrin and cholecystokinin (63). Therefore, the 
interaction between the gastrointestinal tract and calcium-regulating hor­
mones may be inoperative in these patients who receive no or negligible 
enteral intake. Whether the reduced production of gastrointestinal hormones 
has any effect on bone and mineral metabolism is unknown. 

PARENTERAL NUTRITION COMPONENTS: EFFECTS 

ON MINERAL HOMEOSTASIS 

Having examined the effects of route of nutrition, oral versus parenteral, on 
calcium and phosphate homeostasis, we now tum to the known effects on 
mineral homeostasis of several individual components of the parenteral nutri­
tion solutions. The major facets of mineral homeostasis that are directly 
affected by parenteral nutrition include urinary mineral excretion and bone 
metabolism; both are considered. 

Urinary Calcium Excretion 

VOLUME EXPANSION WITH SALINE In animals, volume expansion with 
saline infusions leads to increased urinary excretion of both calcium and 
sodium; this may be due in part to increased glomeruler filtration but is also 
due to inhibition of proximal tubular calcium and sodium reabsorption (11). 
Kleeman et al (2Sa) demonstrated that an oral load of sodium chloride given 
to normal human volunteers increased urinary excretion of sodium and cal­
cium without changes in creatinine clearance. In adult patients receiving 
cyclic parenteral nutrition, Klein et al (27) demonstrated that creatinine 
clearance was 33% higher during the hours of parenteral nutrition infusion 
than during the noninfusion hours and that the fractional excretions of calcium 
and sodium (calcium clearance/creatinine clearance, sodium clearance/ 
creatinine clearance) were approximately fourfold higher during the hours of 
infusion than during the period without any infusion. Thus, volume expansion 
and increased glomerular filtration contributed to urinary calcium excretion in 
parenteral nutrition patients . In these parenteral nutrition patients, the ratio of 
fractional excretion of calcium to that of sodium differed little between 
infusion and non infusion hours; however, the fractional calcium excretion 
remained eight- to ten-fold higher than the fractional sodium excretion, which 
suggests that volume expansion was only partially responsible for the in­
creased quantity of calcium excreted by these patients. 

EFFECT OF GLUCOSE Inasmuch as a 100-g oral glucose load can increase 
the fractional excretion of calcium from 2 to 5% in normal adults (35, 38), the 
effect of changing the concentration of infused glucose on urinary calcium 
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106 KLEIN & COBURN 

excretion was studied in parenteral nutrition patients by Klein et al (27) . 
Changing the infused glucose load from 300 to 600 g per day produced no 
change in the fractional excretion of calcium. However, the large amounts of 
glucose administered in all these studies may have overwhelmed the effects 
observed with the lower doses used in oral glucose loading. Augmentation of 
urinary calcium excretion is an unlikely effect of insulin because the anti­
natriuretic effect of insulin combined with its calciuric effect (9) should have 
increased the urinary calcium-sodium excretion ratio during the infusion 
hours compared to the periods with no infusion; however, this did not occur 
(27). Also, some patients exhibited hypercalciuria in the absence of infused 
glucose, which indicates that calciuresis can occur during parenteral nutrition 
independent of the presence of either glucose or insulin. 

PROTEIN Variation of protein intake can alter urinary calcium excretion in 
patients receiving parenteral nutrition . When crystalline amino acid concen­
tration was reduced from 3.0 to 0 .6% in the same patient, the fractional 
excretion of calcium decreased. Conversely, when the infused amino acid 
concentration was raised from 0.6 to 3% in the same patient, fractional 
calcium excretion increased (27). Lipkin et al (39) found a positive correlation 
between parenteral protein intake and urinary calcium excretion, and Vargas 
et al (76) found a decrease in fractional calcium excretion when infused amino 
acid nitrogen was reduced by 50%. Bengoa and colleagues (3) reported 
similar observations and suggested that the urinary calcium excretion was 
related to the amount of sulfur-containing amino acids in the parenteral 
solution. Although the underlying mechanism for this effect is unknown, it is 
suggested that the amino acids play a role in decreasing renal tubular 
reabsorption of calcium (3). 

CALCIUM Another component of parenteral nutrItion solutions that in­
fluences urinary calcium excretion is the parenteral load of calcium. As 
discussed above, Klein et al (27) reported that removal of calcium from 
parenteral solutions resulted in a concomitant decrease in fractional excretion 
of calcium. Similarly, both Klein et al (27) and Lipkin et al (39) found that 
urinary calcium excretion was directly related to the parenteral intake in 
parenteral nutrition patients. This relationship is most likely due to small but 
unmeasurable changes in filtered calcium load. Inasmuch as the patients of 
Klein et al (27) were aluminum loaded and those of Lipkin et al (39) were not, 
these data suggest that the calcium intake contributes to urinary calcium 
excretion regardless of any effect aluminum may have on calcium metabolism 
(see below). However, in the absence of aluminum loading, the relationship 
between calcium intake and urinary calcium excretion in the parenteral nutri­
tion patients was very similar to that observed between absorbed calcium and 
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TPN AND BONE METABOLISM 107 

urinary calcium in normal individuals consuming calcium in the diet as shown 
in Figure 1 .  

PHOSPHATE The phosphate content of parenteral solutions may affect uri­
nary calcium excretion. Although the data are few, Wood and colleagues (79) 
reported that urinary calcium excretion could be reduced by increasing the 
phosphate content of the parenteral nutrition solution . Further, in unpublished 
studies of two patients, Klein and Coburn found that removal of phosphate 
from the parenteral solution of one patient led to an increase in fractional 
calcium excretion, whereas adding phosphate to the parenteral solution in 
another patient led to a decrease in fractional calcium excretion. The mech­
anism of this effect is unclear; it may be due to the action of PTH, either 
directly or indirectly, or it may be a local renal mechanism. 

VITAMIN D The only reports suggesting that vitamin D may contribute to 
the hypercalciuria of parenteral nutrition come from Shike et al when studying 
parenteral nutrition patients in Toronto (72). In those patients, removal of 
vitamin D from the parenteral nutrition solution was associated with reduced 
urinary calcium excretion . This result was somewhat surprising because 
serum calcium concentrations were only slightly elevated and the levels of 
1,25(OHhD were low (72). Physiologic and small pharmacologic doses of 
exogenous 1,25(OH)zD3 cause hypercalciuria and a tendency to hypercalce­
mia (75), but the levels of 1,25(OH)zD have generally been low in these 
reports of parenteral nutrition patients (29, 72) . Thus, the basis for the vitamin 
D-associated increase in urinary calcium excretion in these patients is not 
clear. 

ALUMINUM As noted above, many of the parenteral nutrition patients who 
were reported to be in negative calcium balance and/or exhibit hypercalciuria 
had large quantities of aluminum in bone, serum, and urine (26). Most of the 
aluminum in adult patients came from contamination of the casein hydrolysate 
used as the protein source (26). Aluminum can come from other sources in the 
parenteral solutions, particularly the salts of calcium and phosphate; and 
substantial loading has occurred in premature infants (69) . Such patients and 
patients with impaired renal function are those at greatest risk for aluminum 
loading. The premature infants, like the adult parenteral nutrition patients 
with aluminum loading, exhibit hypercalciuria (21, 64), but it is not certain 
that there is a cause-and-effect relationship between aluminum loading and 
hypercalciuria . 

Henry et al found that a single very large injection of aluminum into dogs 
increased urinary calcium excretion, and repeated injections led to impaired 
renal function ( 1 8) .  A relationship between aluminum loading and renal 
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108 KLEIN & COBURN 

excretion of calcium could occur owing to the effect of aluminum on bone. 
Thus, aluminum may impede the deposition of both calcium and phosphate 
into bone matrix (46) and may inhibit bone matrix formation itself (55). 
Therefore, the infused calcium will not be taken up by bone but is available 
for excretion in the urine. When there is little or no intake of aluminum, 
urinary aluminum excretion probably reflects the tissue content of aluminum 
(69, 76); with the slow release of a larger amount of aluminum from tissues, 
the aluminum excretion in the urine would be greater . Such an explanation 
could account for the findings of Vargas et al (76), who studied urinary 
calcium excretion in parenteral nutrition patients whose solutions were 
changed from aluminum-loaded casein hydrolysate to crystalline amino acids 
and in other patients who had received only crystalline amino acids in their 
solutions .  For the total group of patients, there was a significant positive 
relationship between urinary aluminum excretion and the excretion of cal­
cium. 

Urinary Phosphate Excretion 

GLUCOSE Varying the parenteral glucose load apparently does not affect 
urinary calcium excretion but does affect renal phosphate excretion . Klein et 
al (27) found that the removal of glucose from cyclically administered 
parenteral nutrition solutions was associated with significantly lower fraction­
al phosphate excretion during the noninfusion hours compared to the infusion 
hours .  In contrast, no change was found in the fractional excretion of phos­
phate in patients given cyclic parenteral nutrition solutions that contained 
standard amounts of glucose. This observation was confirmed by Lipkin et aI, 
who found no change in phosphate excretion during periods with or without 
infusion of glucose-containing solutions (39) . The lack of changes may be 
explained if glucose both enhances the renal tubular reabsorption of phosphate 
and enhances the cellular uptake of phosphate by other tissues. These two 
events would prevent the increase in serum phosphorus level and the subse­
quent rise in urinary phosphate during the infusion. 

PHOSPHATE Not surprisingly. the total phosphate intake was the single 
most important determinant of urinary phosphate excretion in the patients of 
Klein et al (27) . With a reduced phosphate load, the fractional urinary 
phosphate excretion fell (27), but a negative phosphate balance was not 
observed. The negative phosphate balances reported by Shike et al (71) in 
parenteral nutrition patients remains unexplained. 

VITAMIN D Shike et al (72) measured the 24-h urinary phosphate excretion 
in eight patients while they received parenteral nutrition that contained vita­
min D2 and six months after vitamin D2 had been removed from the solutions .  
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TPN AND BONE METABOLISM 109 

No significant differences in urinary phosphate excretion were detected. No 
other studies have examined the role of vitamin 0 in urinary phosphate 
excretion. 

OTHER COMPONENTS There are no data to suggest that aluminum loading 
or changes in amino acid content have any affect on urinary phosphate 
excretion . 

Effects on Bone Metabolism 

Components of parenteral nutrition may potentially affect various aspects of 
bone metabolism such as matrix synthesis or the mineralization of bone per 
se. 

BONE MATRIX FORMATION Matrix formation is initiated by the osteoblast, 
which is derived from presursor cells in the marrow stroma and the endothe­

lial lining of bone (60). Osteoblasts synthesize and secrete collagen as a 
glycosylated triple helix. When the collagen fibrils aggregate to form cross­
linkages, a stagger arrangement leaves holes for the initial deposition of 
mineral (60). A number of the components of parenteral nutrition solutions 
could potentially affect matrix formation: they include aluminum, 1 ,25 
(OH)zD, and acetate. 

Aluminum Data suggesting that aluminum can affect matrix formation come 
from both in vitro and in vivo studies in experimental animals; human data is 
very limited. The in vitro data regarding the effect of aluminum on bone 
matrix formation are contradictory. Leiberherr et al (37) report that the effects 
of aluminum on osteoblast function were dose related: low aluminum con­
centrations stimulate, while high concentrations reduce, collagen production. 
In addition, aluminum decreased the osteoblastic production of alkaline phos­
phatase . Kasai et al (25) found that DNA synthesis was reduced when 
aluminum and transferrin were added in short-term incubations of the osteo­
blast-like cell line UMR- 106. Using chemically defined media or fetal calf 
serum, Quarles et al (58) found that aluminum stimulated DNA synthesis in 
the mouse pre-osteoblast cell line MC3T3. Furthermore, Simmons et al (73) 
studying rat marrow stromal cells, which have the potential to differentiate 
into osteoblasts, failed to detect an effect of aluminum on proliferation of 
stromal cells grown in fetal calf serum. Thus, the effects of aluminum can 
vary according to the specific conditions reported in the studies . 

With in vivo studies, the effects have been more consistent. Thus, Sedman 
et al (68) found that the parenteral administration of aluminum to piglets was 
associated with reduced bone formation because of the reduced number of 
sites of active formation. At some sites, the osteoblasts seemed to function 
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110 KLEIN & COBURN 

with normally active bone formation, and yet there were fewer sites of cells 
and bone formation, which suggests a reduced osteoblast number. In rats with 
chronic renal failure, similar data for aluminum loading were obtained by 
Robertson et al (6 1 )  and by Rodriguez et al (62) . Furthermore, the short-term 
intraperitoneal injections of aluminum into rats led to decreased collagen 
production prior to a disturbance in bone mineralization and without histolog­
ic evidence of osteomalacia ( 15) . In contrast to these findings, Quarles et al 
(59) reported aluminum-associated neoosteogenesis in beagle pups, although 
the newly formed bone was qualitatively abnormal . 

Vitamin D No evidence directly links vitamin D to matrix formation, but the 
active sterol 1,25(OHhD3 can affect osteoblast function and may therefore 
affect matrix synthesis, a major function of the osteoblasts . Thus, 
1,25(OHhD3 has been shown in vitro to increase osteoblastic synthesis of 
osteocalcin, the bone gamma carboxyglutamic acid protein (BGP) . The 
specific role of this protein is not clear, but, as discussed above, the serum 
concentrations of BGP are in equilibrium with bone levels and correlate with 
rates of bone formation in a number of circumstances, including parenteral 
nutrition (41, 56, 57). 1,25(OHhD3 has also been demonstrated to stimulate 
alkaline phosphate activity of osteoblasts in vitro (37) . 

Acetate No clinical evidence directly implicates acetate in the pathogenesis 
of metabolic bone disease. However, an in vitro study of chick osteoblasts 
and pre-osteoblasts that were grown in concentrations of acetate present in 
parenteral nutrition solutions demonstrated impaired proliferation of both 
osteoblasts and pre-osteoblasts, as measured by cell number and by DNA 
synthesis (66) . Thus, acetate could potentially decrease bone matrix forma­
tion, but further studies are necessary to clarify any possible pathogenic role 
of acetate in the observed metabolic bone disease. 

BONE MINERALIZATION Matrix mineralization occurs as phosphate and 
calcium deposit onto collagen, eventually forming crystals of hydroxyapatite. 
Mineralization occurs at the junction of mineralized bone and unmineralized 
matrix, an area referred to as the "mineralization front." The rate of 
mineralization is measured by the length of bone surface taking up tetracy­
cline and by the distance between two separate fluorescent bands of tetracy­
cline observed in bone after two different courses of tetracycline that are 
separated by a predetermined interval (usually 10--17 days). Decreased 
mineralization may occur because of interference with the process of calcium 
phosphate deposition onto collagen or because of a deficit in matrix forma­
tion. It is often difficult to distinguish between these two possibilities; howev­
er, if reduced separation of tetracycline labels is accompanied by increased 
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TPN AND BONE METABOLISM III 

unmineralized osteoid, the mineralization is reduced far more than the osteoid 
synthesis. 

Calcium and Phosphate Calcium and phosphate are the two major com­
ponents of mineralized bone matrix. Evidence for the importance of 
phosphate for matrix mineralization comes from observations in adults 
who develop hypophosphatemia from consuming large quantities of 
aluminum-containing antacids over long periods of time. Such individuals 
develop phosphate depletion and osteomalacia (7) . Several conditions of 
infancy that result in calcium and/or phosphate deficiency lead to rickets or 
osteopenia. These include inadequate dietary calcium in certain groups of 
children in South Africa (44) and phosphate deficiency during breast feeding 
(65). The osteopenia that occurs with or without roentgenographic evidence 
of rickets in premature infants receiving parenteral nutrition may be germane 
to this discussion. This condition is probably multifactorial, but the contribut­
ing factors most generally agreed upon are inadequate intake of calcium 
and/or phosphate (21) . Most neonatologists consider the in utero accretion 
rates of calcium and phosphate to be the standard for the administration rates 
for these substances ex utero . However, the parenteral nutrition solutions that 
are given to premature infants contain quantities of calcium and phosphate 
that are limited because the solubility of calcium phosphate is exceeded, with 
the likelihood of precipitation in the container ( 10). The addition of cysteine 
and hydrochloric acid (67) or the use of monobasic phosphate salts (8) 
increases the solubility of calcium and phosphate in the parenteral solutions 
and may permit administration of larger and more adequate amounts of 
calcium and phosphate . 

Aluminum Excess aluminum may also lead to reduced mineralization. Alu­
minum accumulates along the mineralization front of bone in (a) adults 
receiving parenteral nutrition with casein hydrolysate as the protein source 
(52), (b) infants receiving parenteral nutrition with large quantities of alumi­
num derived from calcium and phosphate salts (32), and (c) patients with 
end-stage renal disease who are exposed to aluminum-contaminated water 
during hemodialysis treatment or who have received large oral doses of 
aluminum-containing gels (5 1 ) .  Bone biopsies in adult parenteral nutrition 
patients and in dialysis patients have exhibited osteomalacia and a reduced 
rate of bone formation that are directly related to the presence of aluminum 
along the bone surface (5 1 ,  52). 

The exact mechanism for this defective mineralization is uncertain. Rodri­
guez et al (62) dissociated the adverse effect of aluminum on osteoblasts from 
the defective mineralization by demonstrating that exogenous PTH can in­
crease the osteoblastic surface in bone without improving the mineralization 
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1 12 KLEIN & COBURN 

of osteoid in aluminum-loaded rats with renal failure . The ability of aluminum 
to prevent the growth of hydroxyapatite crystals (55) and to prevent calcium 
phosphate precipitation (46) provides major evidence that aluminum can 
impair mineralization. However, the aluminum-mediated impairment of 
mineralization and the reduction in matrix production may not be mutually 
exclusive; thus both factors may be operative in aluminum-loaded patients 
receiving treatment with parenteral nutrition. 

The bone disease associated with parenteral nutrition in premature infants is 
thought to be multifactorial (21), and the role of aluminum is uncertain. 
However, the appearance of hypocalcemia during deferoxamine treatment of 
an aluminum-loaded infant receiving long-term parenteral nutrition suggests 
that the chelation of aluminum can permit the uptake of calcium by bone at the 
expense of the serum calcium concentration (30) . Similar observations were 
made during deferoxamine treatment of dialysis patients with aluminum­
related dialysis osteomalacia (50). Furthermore, rickets has been reported in 
aluminum-loaded infants and children (28) , osteomalacia has been produced 
by the parenteral administration of aluminum in dogs ( l Sa), piglets (68), and 
rats (61), and rickets has been produced in growing rats with uremia (77). 

Vitamin D The biologically active form of vitamin D, 1 ,25(OHhD, pro­
motes the mineralization of bone by raising the amounts of plasma calcium 
and phosphate to normal levels largely via its ability to enhance their intestinal 
absorption. However, the role of 1 ,25(OHhD in bone mineralization is less 
certain in patients in whom the intestine is bypassed as a source of calcium 
and phosphate. Shike et al (72) reported that the osteomalacia observed in 
long-term parenteral nutrition patients from Toronto improved when vitamin 
D was withdrawn from the parenteral nutrition solutions. However, osteoma­
lacia has not been reported in any group of parenteral nutrition patients 
receiving vitamin D unless they had coexistent evidence of aluminum 
accumulation. This includes the patients of Shike et al in New York (7 1), 
Lipkin et al in Seattle, (40) and Vargas et al in Los Angeles (76). Moreover, 
some of the patients reported from Toronto had histochemical evidence 
of excess aluminum in their bone biopsies (52); however, the relationship 
between this finding and the occurrence of osteomalacia was not estab­
lished. 

D-Lactic Acidosis Although D-lactic acid is not a component of parenteral 
solutions, D-lactic acidosis developed in two adult patients treated with 
aluminum-free parenteral nutrition solutions. They coincidentally had secon­
dary hyperparathyroidism and osteomalacia with low or low-normal serum 
ionized calcium concentrations and normal serum phosphorus levels (24). An 
association between o-lactic acidosis and secondary hyperparathyroidism is 
possible, but requires further study. 
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TPN AND BONE METABOLISM 1 13 

BONE MASS Bone mass, as measured by photon absorptiometry, is a very 
general measure of calcified bone matrix. An abnormally low bone mass may 
arise from decreased synthesis of matrix, reduced mineralization of bone, or 
increased bone resorption. The finding of low bone mass does not distinguish 
between osteoporosis and osteomalacia but indicates the presence of relative 
osteopenia. Studies that examined bone mass during parenteral nutrition 
therapy were mostly population studies. One group has examined patients 
longitudinally; they found either a decrease in bone mass or stabilization of 
bone mass at a low level ( 17). This study is discussed below under the section 
on vitamin D .  

Aluminum Faugere et al found that cancellous bone mass, as determined by 
histomorphometry, was lower in patients with chronic renal failure and with 
aluminum deposition in bone; and the bone mass increased following alumi­
num chelation with deferoxamine ( 1 3) .  The effects of aluminum on bone 
mass in patients receiving parenteral nutrition have not been studied. Photon 
absorptiometry showed decreased vertebral bone density in the patients of 
Lipkin et al (39) , who were not receiving aluminum. In addition, Moukarzel 
et al used computerized tomography to detect subnormal vertebral bone 
density in children receiving long-term parenteral nutrition without aluminum 
contamination; the results were compared with age- and sex-matched controls 
(48). 

Vitamin D The relationship between vitamin D and bone mass is unclear. 
The patients on long-term parenteral nutrition with reduced bone mass were 
subsequently reported to have low serum levels of 1 ,25(OHhD. The removal 
of vitamin D from the parenteral solutions in one subgroup of patients was 
associated with improved osteomalacia but did not affect the subnormal bone 
density [as determined by neutron activation analysis ( 17)]. In these patients , 
serum 1 ,25(OHhD concentrations increased somewhat after vitamin D was 
removed from the parenteral solutions. Reduced vertebral bone mass was 
observed by Lipkin et al in adults (39) and by Moukarzel et al (48) in children 
receiving long-term parenteral nutrition; both groups of patients had normal 
serum levels of 1 ,25(OHhD. Thus, data on these patients and those of Shike 
et al (7 1)  demonstrate that osteopenia can occur independently of aluminum 
contamination or vitamin D treatment. 

SUMMARY: EFFECTS OF PARENTERAL NUTRITION 

ON BONE AND MINERAL METABOLISM 

The effects of parenteral nutrition on calcium and phosphate homeostasis 
include the bypass of intestinal modulation of calcium and phosphate absorp­
tion and the continuous intake of nutrients as opposed to periodic dietary 
intake. 
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1 14 KLEIN & COBURN 

Can alteration of calcium and phosphate homeostasis by an unknown 
mechanism(s) associated with the bypass of intestinal regulation contribute to 
the metabolic bone diseases described during parenteral nutrition? Before 
approaching this question, it is necessary to rule out exogenous factors that 
may be responsible for disease. 

Aluminum appears to have a toxic effect on bone and may upset various 
aspects of calcium and phosphate homeostasis. It may decrease bone matrix 
formation and almost certainly interferes with mineralization. Bone formation 
and mineralization are both decreased, leading to osteomalacia or aplastic 
bone disease. The administration of exogenous calcium cannot improve 
this condition, and the administered calcium is taken up poorly by the bone. 
This probably contributes to the exaggerated urinary calcium losses seen in 
these patients. Aluminum loading may reduce serum concentrations of 
1 ,25(OHhD, with uncertain consequences for bone and calcium metabolism, 
and it may impair PTH synthesis and secretion. The latter may contribute to 
low bone formation rates. 

Exogenous vitamin D was postulated to be the cause of an osteomalacic 
low-turnover bone disease; low serum levels of 1 ,25(OHhD and decreased 
bone mass were observed . Removal of vitamin D was associated with the 
resolution of the osteomalacia and with increased serum 1 ,25(OHhD levels, 
but the reduced bone mass did not improve. Finally, aluminum was detected 
in bone biopsy specimens of some of these patients, but the relationship of 
this finding to bone disease is unknown. Other studies of patients on long­
term parenteral nutrition, who received vitamin D but not aluminum, failed to 
detect osteomalacia, and the serum concentrations of 1 ,25(OH)zD were found 
to be normal . Thus, the contribution of exogenous vitamin D to bone disease 
in parenteral nutrition is uncertain. 

Secondary hyperparathyroidism arising from malabsorption of fat-soluble 
vitamins and calcium and the action of medications, such as steroids for 
inflammatory bowel disease or aluminum-containing antacids for chronic 
peptic disease, can contribute to bone disease that may only be detected 
during the course of parenteral nutrition therapy. Finally, many parenteral 
nutrition patients are postmenopausal, and the degree to which postmenopaus­
al osteoporosis may antedate the therapy with parenteral nutrition is unknown. 

During the acute stages of severe illness, immobilization may also contrib­
ute to bone loss. 

The homeostatic regulation of calcium and phosphate, despite bypass of the 
gut by parenteral nutrition, appears reasonably intact according to the avail­
able literature . The pathogenesis of metabolic bone disease is still poorly 
understood. In the absence of various militating factors, it is difficult to 
postulate that altered homeostatic control renders the parenteral nutrition 
patients more susceptible to metabolic bone disease. Care must be taken to 
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TPN AND BONE METABOLISM 1 15 

rule out preexisting bone disease, the presence of toxins or deficiencies in the 
parenteral solutions, themselves, and the adverse effect of treatment of 
coexisting medical conditions that could predispose these patients to metabol­
ic bone diseases .  

The reports of Shike et al  (7 1) ,  Lipkin et al  (39) , and Moukarzel et  al (48) 
suggest that parenteral nutrition predisposes patients to osteopenic bone dis­
ease, although no obvious mechanism can account for the alterations of 
calcium and phosphate homeostasis that are produced by parenteral nutrition . 

The data of Shike et al (7 1 )  and Lipkin et al (39) suffer from a lack of 
information regarding baseline bone histology either immediately prior to or 
shortly after the initiation of parenteral nutrition therapy. Bone histology is 
lacking in the data of Moukarzel et al (48). Thus , it is uncertain whether or not 
low-turnover bone disease contributed to the low bone mineral density in the 
pediatric patients .  

If further studies exclude preexisting osteoporosis and/or osteomalacia, one 
would be forced to conclude that the intestinal bypass produced by continuous 
or cyclic administration of parenteral nutrition solutions is not innocuous with 
regard to bone and mineral homeostasis . 
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