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ABSTRACT. To better understand the impact of severe 
illness on the amino acid economy and nutritional needs of 
pediatric patients, we studied plasma phenylalanine and 
tyrosine kinetics in eleven critically ill patients (six full- 
term newborns and five young infants). Within 4 8  h of the 
diagnosis of sepsis they were given primed constant i.v. 
infusions of L-11-'"]phenylalanine and 1,-13,3,~II~]tyrosine 
for 4 h. Routine nutritional support continued during this 
period by parenteral administration of destrose, lipid emul- 
sion, and an amino acid mixture low in tyrosine. Phenyl- 
alanine and tyrosine fluses and rate of phenylalanine hy- 
drosylation did not differ significantly between the two age 
groups, and so  the data were combined for evaluation. For 
the entire group, values (pmol. kg-'. h-'; mean 2 SD) for 
phenylalanine and tyrosine fluses and rate of phenylalanine 
hydrosylation were 132 5 24, 66  2 16, and 29 2 12, 
respectively. Plasma phenylalanine to tyrosine concentra- 
tion ratio was 1.67 +. 0.6. From a comparison of the rate 
of phenylalanine hydroxylation with measured phenylala- 
nine intakes, it was concluded that their routine, clinical 
nutritional support was inadequate to achieve body phen- 
ylalanine balance. In comparison with published data, the 
relative rate of phenylalanine hydrosylation appears to be 
high. \Ye speculate that tyrosine is a conditionally indis- 
pensable amino acid under these conditions; it would be 
desirable to establish the intake levels and ratio of phen- 
ylalanine to tyrosine that effectively support aromatic 
amino acid balance in these critically ill patients. (Pediatr 
Res 35: 580-588, 1994) 

Adequate nutritional support ofcritically ill patients represents 
an essential component of medical care (1, 2). with well-nour- 
ished patients having better outcome and a shorter hospital stay 
(3, 4). Although current nutritional regimens provided to criti- 
cally ill children are based largely on  the nutritional requirements 
for healthy children (5, 6), these patients are often hypermeta- 
bolic and show profound changes in the pattern of energy sub- 
strate and amino acid use. It is likely that more effective nutri- 
tional therapies will evolve after a better understanding of the 
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quantitative changes in nutrient metabolism, and the mecha- 
nisms responsible for them, under these disease conditions. 

In this study we examined plasma kinetics of phenylalanine 
and tyrosine metabolism in critically ill neonates and infants 
with sepsis. These amino acids are substrates for protein synthesis 
and precursors of physiologically important metabolites, such as 
catecholamines and thyroid hormones. We hypothesized that 
the standard parenteral nutritional support given during the acute 
stage of critical illness to  our patients might be insufficient to  
meet the aromatic amino acid requirement of these patients and 
that tyrosine, usually considered to be a nutritionally dispensable 
amino acid, becomes "conditionally" indispensable during hy- 
permetabolic states. Therefore, an adequate exogenous supply of 
tyrosine would be necessary to support fully and effectively the 
nutritional needs of the patient. T o  explore these hypotheses, we 
investigated plasma phenylalanine and tyrosine fluxes in 1 1  
critically ill newborns and young infants with ["Clphenylalanine, 
[13C]tyrosine. and ['H2]tyrosine as labeled tracers. Our findings 
are compared with published data derived in healthy newborns 
using similar tracer protocols (7). 

MATERIALS AND METHODS 

Puticnrs. Eleven critically ill patients (six full-term newborns 
and five young infants) were studied. Their clinical characteristics 
are described in Table 1.  All the newborns had appropriate weight 
for gestational age. The body weights of the five infants were 
below the 5th percentile for age (8). All patients had a diagnosis 
of sepsis and were admitted to the Neonatal and Pediatric 
Intensive Care Units a t  the Massachusetts General Hospital. 
Patients were studied within 48 h of the diagnosis of sepsis once 
hemodynamic stability was achieved. Sepsis in newborns was 
defined by the presence of two or more of the following: history 
of maternal fever o r  chorioamnionitis, rupture of membranes 
greater than 18 h, signs of respiratory distress, temperature 
instability, changes in level of consciousness o r  lethargy, shock, 
white blood cell count greater than 20 000 cells/mm3 or less than 
5000 cells/mm3, a left shift with more than 10% band forms or 
greater than 60% polymorphonuclear forms, o r  a positive blood 
culture or evidence of clinical sepsis syndrome (9). Sepsis in 
infants was defined as  bacteremic if there was a positive blood 
culture, or it was defined as clinical sepsis syndrome if three or  
more of the following were found: clinical evidence of infection 
(pneumonia, meningitis, for example), fever o r  hypothermia, 
tachypnea, tachycardia, or symptoms of decreased organ perfu- 
sion. such as oliguria, lethargy, o r  increased lactate level (lo).  

In the newborn group ofsix patients, three of them had positive 
blood cultures at diagnosis. Patient 2 had a positive blood culture 
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Table I. Clirlical chnructc~ri.stic.s oofpaticrit.~ .stlrtlic~dji)r p/ic~n~~lt~ltrtiinc rrnd tj.rositic kitic~tics* 
~ 

Severity score 
- - - - . . - 

Group Patient Age Wt (kg)  Diagnosis NPSl TlSS 
- - - - - . . . - - . . - . . . - - -- -- -- 

PSI 

Newborns I 4 d 3.77 Clinical sepsis syndrome: perina- 3 24 
131 asphyxia 

1 - 4 d 7.87 Group R streptococci sepsis 5 46 
3 I 1  d 3.67 Sicr[~lr!~loc~oc~c~ri.s iy~irlc~rt~riclis scp- 6 3 3 

sis: SIP tetralogy of Fallot re- 
pair 

4 3 d 4.0 Septic shock: NEC: positive cul- 6 5 3 
ture for l:'.sc~lrc~ric~lria c.011 and 
C'lo.~iriclirot~ pc,t;/:/i.itrgc~tr.s 

5 8 d 4.0 Clinical sepsis syndrome 5 -- 11 

6 7 d 7.84 Clinical sepsis syndrome: puln~o- 8 3 1 
nary hemorrhage 

Mcan + SD 5.3 & 7.7 3.5 & 0.5 5.5 & 1.5 29 +- 0 

Infants 7 4 mo 4.70 ARDS: .Siriy~toc,oc'c'rr.s [~trc'rrrt~otrirrc' 42 8 
sepsis 

8 5 mo 4.70 Failure to thrive: I:'. c,oli scpsis: 46 6 
/'trirrittroc~!~.\ii.\ c.cir;trii pneu- 
monia: HIV negative 

9 13 mo 7.80 Stevens Johnson syndrome: clini- 7 7 I0 
cal scpsis syndrome: ARDS 

10 I4 mo 7.85 Clinical sepsis syndrome 70 6 
I I 6 nio 4. I0 Ilrnc3t~~o~~lrilrr.s it1l1rrc~trznc~ sepsis 39 9 

Mean ? SD 8.6 a 4.6 5.7 + 1.7 44.8 ? I Y  9.6 -c 4.84 
-~ ~ -. A- 

* NPSI. Neonatal Physiologic Stability Indes: PSI. Physiologic Stability Indes: TISS. Therapeutic Intervcntion Score Systems: SIP. status post: 
NEC. necrotizing enterocolitis: ARDS. adult respiratory distress syndrome: HIV. human ininiunodcficiency virus. 

to  group B streptococci, patient 3 had a positive peripheral blood 
culture to  Stap/ij-lococ-clts cll~i~/~~rt)li(/is, as well as positive blood 
culture to the same organism obtained from the central line 
placed for cardiac surgery. Patient 4 had a positive blood culture 
to  Escllerichia coli and positive culture to Clostridiirr)~ pcrJiir~gc~s, 
IIaernopl~il~rs parair!/llrc~n:a, and E. coli from peritoneal fluid 
obtained during colectomy and ileostomy for necrotizing enter- 
ocolitis. Patient 5 came to the emergency department with shock, 
seizures, thrombocytopcnia, leukopenia, and metabolic acidosis. 
Viral and bacterial cultures remained ncgative, and a workup for 
metabolic diseases was also ncgative. Patients 1 and 6 had 
negative blood cultures; however, both received antibiotics at the 
refemng hospital before blood cultures were obtained, and the 
mother of patient 1 was treated with antibiotics for chorioam- 
nionitis. These three patients (paticnts 1,  5, and 6), met the 
criteria for clinical sepsis syndrome. All patients had hemody- 
namic instability and required inotropic support with one (do- 
pamine in patients 1, 3, and 5). two (dopamine and dobutamine 
in patients 2 and 6), o r  three (dopamine, dobutamine, and 
epinephrine in patient 4) inotropic agents. All paticnts required 
multiple fluid bolus for resuscitation. Disseminated intravascular 
coagulation was present in four paticnts (patients 2, 3, 4, and 6). 
All patients had variable degrees of metabolic acidosis and res- 
piratory distress. Multiorgan failure (renal. hepatic. CNS, and 
respiratory) occurred in patient 4. Leukopenia was present in 
patients 4 and 5. 

In the pediatric group, patients 7 and 10 had pneumonia and 
adult respiratory distress syndrome (patient 7 had a positivc 
blood culture to Strc~ptococc~u pnnunoniac; patient 10 had a 
negative bacterial blood culture at  the time of the investigation 
and severe respiratory failure). Patient 8 had Pt~~~tr~~oq:sti .s  caritiii 
pneumonia, diagnosed by lung biopsy, and a positive blood 
culture to E. coli. Her HIV status was negative at  the time of her 
discharge from the intensive care unit, although her mother 
tested HIV positive. Patient 9 had Stevens-Johnson syndrome 
resulting from bactrim treatment for otitis media. Adult rcspi- 
ratory distress syndrome and multiorgan failure developed in 

this patient. but a blood culture was negative at the time of the 
study. Patient I I had I I .  it~/Iircnzrrc sepsis and severe broncho- 
pulmonary dysplasia. Patients 9 and 10 met criteria for clinical 
sepsis syndrome. 

All infant patients had variable degrees of multiorgan involve- 
ment: their lungs were mechanically ventilated, and they required 
inotropic support and had arterial and central venous lines in 
place. The newborn patients rcquired a servocontrol radiant 
warmer to  maintain skin temperature at 36.5"C. Infants were 
studied in a room with ambient temperature of about 25°C and 
relative humidity of 40%. 

Physiologic Stability Index ( I  I), Neonatal Physiologic Stability 
Index (12), and Therapeutic Intervention Score System (13) 
scores were obtained in each patient. These three systems objec- 
tively assess severity of disease and predict outcome (chances of 
death or  survival). The Physiologic Stability Index and Neonatal 
Physiologic Stability Index estimate the degree of derangement 
in seven major physiologic systems (cardiovascular, respiratory, 
neurologic, hematologic, renal, gastrointestinal, and metabolic). 
After the degree of abnormality is assessed, each variable is 
assigned a scorc of 1 .  3, o r  5, indicating the clinical importance 
of the derangement. A scorc of 3 in a given variable mandates a 
change in therapy; a score of 5 indicates a life-threatening situa- 
tion. The Therapeutic Intervcntion Score System evaluates the 
degree of intervention that a patient requires. Therapeutic inter- 
ventions are classified from 1 to  4. Scorc I indicates routine 
intensive care interventions (ECG monitoring, supplemental 
oxygen, i.v. antibiotics, for example): scorc 2 indicates more 
invasive therapeutic or monitoring interventions, such as central 
venous pressure line and more than two i.v. lines or hemodialysis: 
score 3 indicates invasive therapeutic or monitoring interven- 
tions that may be lifesaving, such as endotracheal intubation. 
Scorc 4 indicates interventions in response to major events. such 
as cardiopulmonary resuscitation, pulmonary artery catheter 
placement. and cardiac pacing. These scores are routinely used 
in intensive care units for assessing severity of illness, with higher 
scores indicating a greater severity of the disease. 
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Studj~protocol. The study protocol was approved by the Sub- 
committee on Human Studies at  the Massachusetts General 
Hospital. Written informed consent was obtained from the pa- 
tient's parents o r  guardians. We used the arterial line as the 
sampling source and the central venous line for tracer infusion. 
Isotope tracers were infused by means of a calibrated syringe 
pump (Hanard  Apparatus, Natick, MA). Verification of isotopic 
purity was obtained before the infusion study. Both tracer solu- 
tions (see below) were infused at  a rate of 4.7 mL.  h-I, except for 
infants 9 and 10, who received an infusion rate of 10.74 mL.  h-' 
because oftheir higher body weight. All patients received priming 
tracer doses of 5.4 pmol.kg-I of L-[I-"Clphenylalanine (99 
atoms percent), and 3.6 pmol.kg-' of L-[3,3-'Hz]tyrosine (98 
atoms percent). The ["Clphenylalanine-derived tyrosine pool 
was primed with 2.5 pmol.kg-I of L-[I-'"]tyrosine (98 atoms 
percent). Tracers were purchased from Tracer Technologies, Inc. 
(Somemille, MA). These primes were followed by 4-h constant 
i.v. infusions with ["Clphenylalanine and ['Hzltyrosine at rates 
of 4.1 and 3.0 pmol . kg-'. h-', respectively. Labeled tracers were 
confirmed to be sterile and pyrogen free before use. 

Blood samples for determinations of plasma phenylalanine 
and tyrosine isotopic enrichment and free plasma amino acid 
concentrations were obtained at  0, 180, 190, 200, 2 10, and 240 
min in all patients. The samples were placed in tubes containing 
heparin and centrifuged immediately, and the plasma was stored 
at  -80°C until used for analysis. The total amount of blood 
withdrawn during the entire study period in each patient was less 
than 5 mL. 

Nlitritiot~al slipport. Nutritional support could not be manip- 
ulated experimentally in this investigation and so was provided 
as indicated by the routine clinical care of these critically ill 
infants. Hence, the levels of energy and protein intake varied 
between subjects. Mean energy intakes for neonates and infants 
were 35 and 40 kcal. kg-l.d-' respectively, provided principally 
as a 10-20% dextrose solution and a soybean lipid emulsion 
(Intralipid 10 or 20%, KabiVitrum Inc., Franklin, OH). The 
protein needs ofeach patient were supplied by a 1.5-2.5% amino 
acid mixture of Novamine (Novamine, 11.4%; Clintec, Deer- 
field, IL). The amino acid composition of the mixture is shown 
in Table 2. None of the patients received nutrients by the oral 
route. The duration of nutritional support before the infusion 
study was variable, ranging in the neonatal group from 0 to 32 
h and in the infant group for 0 to  18 h. From the time of 

Table 2. Cot?~/)o.sition of ut?iit~o acid sollrtiot~ used for 
narct~trral udt?~i t~is trat iot~* 

Amino acid 

lsoleucine 
Leucine 
Lysine 
Methionine 
Phenyalanine 
Threonine 
Tryptophan 
Valine 
Alanine 
Arginine 
Histidine 
Proline 
Serine 
Glycine 
Tyrosine 
Glutamic acid 
Aspartic acid 
Total 

Unit of measure 

g/L g/100 g amino acids 

5.7 5 .o 
7.9 6.9 
9.0 7.9 
5.7 5.0 
7.9 6.9 
5.7 5.0 
1.9 1.7 
7.3 6.7 

16.5 14.5 
11.2 9.8 
6.8 6.0 
6.8 6.0 
4.5 3.9 
7.9 6.9 
0.3 0.3 
5.7 5.0 
3.3 2.9 

114.1 

Nitrogen 

6.09 
8.44 

1 1.50 
5.35 
6.70 
6.70 
2.6 1 
8.73 

25.93 
29.77 
18.4 1 
8.28 
6.00 

14.74 
0.23 
5.43 
3.47 

168.39 
- 

* Novamine 11.4% (composition data provided by Clintec, Deerfield. 
IL). 

admission, some neonates and infants were never parenterally 
o r  enterally fed before the infusion study. 

~ I t ~ u l j ~ t i c a l  mctllocls. Amino acid concentrations in plasma and 
in the infusates of tracers were analyzed by means of a Hewlett- 
Packard Amino Quant (Palo Alto, CA), which involved precol- 
umn derivatization with orthophthaldehyde and quantitation by 
fluorescence. 

For isotopic analysis of phenylalanine and tyrosine, 200 pL 
plasma was used. T o  this 1 m L  2 N acetic acid was added, and 
then it was placed on an ion exchange column (BioRad AG50- 
X2 resin, Richmond, CA) (14). The fraction containing the 
amino acids was eluted with ammonium hydroxide and then 
evaporated to dryness. A tertiary butyldimethylsilyl derivative of 
the amino acids was prepared in a one-step procedure by heating 
the residue for 1 h at  60°C with 50 pL of MTBSTFA [/I-methyl- 
N-(tcrtbutyldimethylsilyl)trifluoroacetamide] (Pierce, Rockford, 
IL) and 50 pL of acetonitrile (15). Two to 3 pL of mixture were 
sufficient for gas chromatography/mass spectrometry analysis. 

All measurements of plasma amino acid isotope dilutions were 
carried out on  a Hewlett-Packard 5890 Series I1 gas chromato- 
graph coupled to a Hewlett-Packard 5988A quadrapole mass 
spectrometer and a Hewlett-Packard RTE-A data system. Elec- 
tron impact ionization was camed out a t  120 eV. 

Gas chromatography/mass spectrometry analysis of phenylal- 
anine and tyrosine was camed out in one run on a 30 m x 0.25 
m m  DB 130 1 fused silica column (J and W Scientific, Folsom, 
CA) that was temperature programmed from 200°C to 300°C at 
lS°C/min. Phenylalanine and tyrosine eluted at  5.6 and 7.8 min, 
respectively. Selective ion monitoring of both amino acids was 
camed out with the M-57 fragment ion that corresponded to 
loss of the 1-butyl group (15). Selective ion monitoring was 
carried out a t  m/z 336 and m/z 337 for natural and [I3C] 
phenylalanine, respectively. Ions at m/z 466, m/z 467, and m/z 
468 were monitored for natural, ["C]. and [?Hz]tyrosine, respec- 
tively. 

Because the ion clusters of the tyrosine tracee and the [I-I3C] 
and ['H?] tracers overlap, estimation of sample enrichments was 
based on multiple linear regression, where the various mass 
spectrometer signals were used as dependent variables and the 
sample enrichments served as unknown parameters. The coefli- 
cients of the regression equations were derived from standard 
mixtures ranging from 0 to 8% mole fraction for ['3C]phenylal- 
anine and [?Hz]tyrosine and 0 to 6% mole fraction for ["C] 
tyrosine. A further set of five standard mixtures was also prepared 
containing both ["C] and ['H2]tyrosine. Each sample was meas- 
ured in duplicate and multiple samples measured during the 
isotopic plateau. Additional details concerning the determination 
of plasma isotope enrichments of phenylalanine and tyrosine are 
given in the appendix. 

Enantiomeric purity of the tracers was verified by gas chro- 
matographic analysis on a Chirasil-Val capillary column (Chrom 
Pack, Middelburg, The Netherlands) as the pentafluoropropionyl 
propyl esters (1 6). 

Calc~rlatiot~s. The model of phenylalanine-tyrosine metabo- 
lism uscd here follows that described by Clarke and Bier (17) 
with modifications proposed by Thompson ef a/. (18). Briefly, 
the amino acid (phenylalanine or  tyrosine) flux (Qp or  QT, 
respectively; pmol. kg-'. h-I) is calculated by isotope dilution, as 
previously described for leucine (19): 

where i is the rate of tracer infusion (pmol. kg-'. h-') and Ei and 
Ep are the isotopic enrichments of the infusate and plasma amino 
acid, respectively. 

The rate of phenylalanine conversion to tyrosine (QPdT; pmol. 
kg-'. h-') (phenylalanine hydroxylation) was derived as follows: 
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where QT and QI, are the tyrosine and phenylalanine fluxes, 
respectively, estimated from the primed constant infusions of 
['H2]tyrosine and I-["Clphenylalanine; Et and Ep are the plasma 
enrichments of I-["Cltyrosine and 1-["Clphenylalanine, respec- 
tively; ip is the rate of infusion of the labeled phenylalanine. As 
discussed by Thompson et al. (18), the term Qp/(ip + Qp) corrects 
for the contribution of the  phenylalanine tracer infusion to Qp-T. 

The rate of phenylalanine disappearance by incorporation into 
proteins (Phes) was estimated by subtracting the rate of phenyl- 
alanine hydroxylation (Qp-T) from phenylalanine flux (Qp): 

Phenylalanine entering the plasma pool by protein breakdown 
(PheB) was determined from phenylalanine flux and phenylala- 
nine intake (pi): 

Thus, from equations 3 and 4, the body balance of phenylalanine 
(PheRAL) can be obtained: 

The  rates of whole body protein synthesis and breakdown were 
obtained according to Thompson c.1 at. (1 8 )  assuming the phen- 
ylalanine content of whole body mixed proteins to be 280 pmol/ 
g protein. We have expressed these rates as g.  kg-' .d-'. Thus: 

Phe, x 24 
Prot" = 

280 

and 

Dara nticilj3si.v. Results are summarized as means + S D  as a 
measure of dispersion of the individual data points. Primary and 
derived values were tested for significance between infant and 
newborn groups using analysis of covariance with age, weight. 
and severity of disease as variables. Adjusted means were tested 
for significance with a least-squares mean procedure. Dependent 
variables included phenylalanine flux (QI.), tyrosine flux (QI), 
phenylalanine hydroxylation (Qp,T), and protein turnover 
(Prots. Prot,, and ProtBAL). Because no statistically significant 
differences werc observed bctween newborns and infants, the 
results for both groups were combined for purposes ofcomparing 
these values with those reported in the literature (7). A p < 0.05 
was chosen as being statistically significant. Relationships among 
variables werc tested for significance using Pearson's product 
moment correlation. The relationship between phenylalanine 
and tyrosine intake with phenylalanine and protcin balance was 
evaluated by least-squares linear regression analysis. An SAS 
program (Cary, NC) was used for the statistical analysis (20). 

RESULTS 

Energy and protein intakes for the patients during the period 
of study are shown in Table 3. The levels of intake were lower 
than those recommended for healthy newborns and infants (2 1). 
which generally reflects our patients' critical clinical status. Crit- 
ically ill patients often require infusion of multiple drugs, blood 
products, and fluids at the expense of their nutritional support. 
Furthermore. fat administration in the presence of respiratory 
failure o r  sepsis is often restricted by attending physicians because 
of concerns about possible lipid-induced impairment of respira- 
tory and immune function (22-24). 

The Plasma-free phenylalanine and tyrosine concentrations 
during the tracer study period are shown in Table 4. The phen- 
ylalanine/tyrosine ratio in these patients with sepsis was in- 
creased (1.67) when compared with values rcported for hcalthy 
newborns (0.7 1) (25) and adults (0.82) (26, 27). 

A steady state level of isotopic enrichment in plasma of our 
patients was achieved during the 4-h continuous tracer infusion 
period as determined by lack of a statistically significant slope in 
the plasma pools of phenylalanine and tyrosine isotopologs (Fig. 
1). For the entire group of patients, the mean coefficients of 
variation for plasma isotope enrichment plateaus were 7, 5, and 
11% for [13C]phenylalanine, ['Hz]tyrosine, and ["Cltyrosine, 
respectively. Their kinetics and the rates of whole body protcin 
turnover were calculated from these isotopic enrichments of 
plasma phenylalanine and tyrosine. 

Phenylalanine and tyrosine fluxes and rates of phenylalanine 
hydroxylation were 137 + 17, 63 +. 13, and 34 2 6 pmol. kg-'. 
h-' in the neonates and 126 f 29. 70 + 18, and 24 + 14 pmol . 
kg-'. h-I in the infants (Table 5). Considerable variation existed 
within each group, and differences between group means were 
not statistically significant ( p  > 0.1). Therefore, for our purposes. 
we considered it appropriate to  combine the results into one data 
set for the further comparisons given below. The combined group 
mean phenylalanine flux was 132 pmol. kg-'.h-', with a mean 
phenylalanine hydroxylation rate of 29 pmol. kg-'. h-', repre- 
senting 22% of the phenylalanine flux. 

The components of phenylalanine flux are presented in Table 
6. Tyrosine intakes were very low (mean, 0.6 pmol.kg-'.h-'). 
Intakes of phenylalanine ranged widely, with the mean being 
17.4 pmol . kg-'. h-'. Extrapolated to a daily basis, this amounts 
to a mean intake of 69 mg. kg-' .d-', which is in the requirement 
range for healthy infants when tyrosine intakes are generous (28). 
but it presumably would be less than adequate (21) for tyrosine 
intakes that are low, as in the present study. Also, because the 
mean phenylalanine hydroxylation rate was 29 pmol. kg-'. h-' 
(equivalent to  1 15 mg. kg-'.d-') (Table 5). the group of patients 
as a whole were in negative body phenylalanine balance. In Table 
6, we summarized the rates of disappearance of phenylalanine 
from plasma by protein synthesis (Phes) and entry into plasma 
by protcin degradation (Phen). Again. these rates reflect the extent 
of the negative body phenylalanine balance, which was a mean 
of - 14 pmol. kg-'. h- '  for the combined groups. 

The derived values for body protein turnover are presented in 
Table 7. Mean protein synthesis and breakdown rates were 8.6 
and 9.8 1 g protein. kg-' .d-', respectively, for the combined two 
study populations. 

The following statistical correlations were observed in these 
children with sepsis: body protein balance was negatively corre- 
lated (R' = 0.5; p < 0.01) with the rate of phenylalanine hydrox- 
ylation to tyrosine and positively correlated (R2 = 0.4, p < 0.04) 
with phenylalanine intake (Fig. 2). 

DISCUSSION 

We have investigated the kinetics of whole body phenylalanine 
and tyrosine metabolism in critically ill children with sepsis. 
Despite the importance of phenylalanine as an indispensable 
amino acid and as precursor for tyrosine, relatively few studies 
address phenylalanine and tyrosine kinetics in relationship to the 
metabolic needs and nutritional status of pediatric patients (29- 
31). T o  our knowledge, no similar studies appear to have been 
conducted previously in critically ill children with sepsis. Because 
we were not able to investigate a healthy cohort, our combined 
data for phenylalanine and tyrosine kinetics, as well as the 
estimates obtained for whole body protcin turnover in critically 
ill young infants with sepsis are compared here with those of 
Dcnne cJt (it. (7), who havc rcported similar data for seven normal, 
term infants studied at approximately 2 1 d of age. In their study, 
phenylalanine and tyrosine fluxes and rate of phenylalanine 
hydroxylation were 76 + 12, 53 +- 12. and 12 f 3, respectively, 
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Table 3. E t l ~ r ~ ) !  atld t ? ~ a c r o t ~ ~ ~ t r i ~ t ~ t  i t l t ~ k ~ . ~  h)' ~ ) u r ~ t ~ t ~ r u I  f i ( ~ l i t l . ~  it1 cr i t ic~l l )~  ill t ~ ~ ~ t ' l ~ o r t ~ . ~  ut l~l  itl/iltlts 
Glucose Protein Lipid 

(g. kg-' 
Energy 

(kcal. kg-' .d- ' )  (mg. kg-'. min-') (g. kggl.d-') Patient and group 

Newborns 
I 
3 + 

3 
4 
5 
6 

Mean f S D  
Infants 

7 
8 
9 

10 
I I 

Mean + S D  

Table 4. P1ustnu-J-ce pl~olj~lulat~it~e atld tj9rosit1c cot~cct~trrrriot~s 
in t~ot*bort~s atld i t ~ f i t ~ t s  ~tlitlr scvsis 

Phenylalanine Tyrosine 
(umol/L) (umol/L) 

Neonates 
I 
7 

3 
4 
5 
6 

Mean + S D  
Phenylalanine/tyrosinc 

ratio 
Infants 

7 
8 
9 

10 
1 1  

O ~ I : O '  200 ' 220 I " 240 
1 

MINUTES 

Fig. I. Results for plasma isotopic enrichment of "C-phenylalanine 
("C-Phc). ['t12]tyrosine (Dz-T,rr). and "C-tyrosine ("C-Tyr) during the 
4-h i.v. tracer infusion study. Ircrfic.ol 1itrc.s represent + S D  for the entire 
group of I I patients. 

Mean + S D  
Phcnylalaninc/tyrosine 

ratio 
Combined data 

Phenylalaninc/tyrosinc 
ratin 

cr (11. (7). Some difficulty exists, however, in drawing a strict 
comparison between the present hydroxylation data and those 
of Denne 01 (11. (7) because pentadeuterated phenylalanine was 
used as tracer by these latter investigators; we have shown rc- 
cently in healthy adults that this tracer underestimates hydrox- 
ylation rates it1 I ~ V O  by about a factor of 2.0 (37). For this reason, 
the estimate of 10-1 2 pmol. kg-'. h-' for phenylalanine hydrox- 
ylation in healthy newborns (7) might be lower than the actual 
rates, although that is speculative and a matter for further study. 

The values for Prots and Prot,, in our patients with sepsis are 
somewhat higher than the 7 and 6 g.kg-'.d-', respectively, 
reported for healthy infants (25, 33), although perhaps they are 
not as high as might be anticipated for hypermetabolic o r  acute 
catabolic states (34). 

Despite these difficulties, in fully comparing the present values 
with those appearing in the published literature, the present data 
point to  changes in kinetics and in the relationship between 
phenylalanine and tyrosine metabolism in infants with sepsis 
versus normal infants. For example, phenylalanine fluxes in our 
critically ill infants are considerably higher than those reported 
for normal babies (7). Furthermore, the flux ratio of phenylala- 
nine to tyrosine was higher in our  infants than in the normally 
growing newborns studied by Denne cf 01. (7). This finding is 
consistent with previous reports (35) showing an increased 
plasma phenylalanine/tyrosine concentration ratio in patients 

for the fasted state and 86 + 13, 46 + 8, and 10 + 3 (mean + 
SD; pmol. kg-'.h-I), respectively, for the fed state. These invcs- 
tigators used [?H5]phenylalanine and ['H2]tyrosine as tracers. 
Thus, phenylalanine fluxes are higher in our  patients with sepsis 
when compared with the healthy newborns, as might be antici- 
pated for a hypermetabolic, catabolic condition. When the intra- 
venously administered phcnylalanine intake is subtracted from 
phenylalanine flux, the "corrected," mean phenylalanine flux is 
115 f 24 pmol. kg-'. h-', remaining higher than that in healthy 
newborns (7). This correction for i.v. intake of phenylalanine is 
necessary, particularly because Wykes ct a/. (31) found that 
phenylalanine flux was greatly affected by the parentcral phcn- 
ylalanine supplied. Tyrosine fluxes in our  group of critically ill 
infants with sepsis were similar o r  perhaps somewhat higher than 
those in healthy neonates (7), who were also receiving no tyrosine 
by i.v. feeding. Also, the hydroxylation of phenylalanine, ex- 
pressed either as an absolute rate or as a percentage of the 
phenylalanine flux, was higher in our  patients than was phenyl- 
alanine hydroxylation in newborn infants as reported by Denne 
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Table 5. Plast)~u pho1!*lr1lut1itlc atld r!m.sitlc kit1cric.s it1 c/~ilrlrc~t~ 1t3iih srpsis* 
Flux 

l lydroxylation 
Group Phenylalanine Tyrosine (Qr-1) QP-IIQP X 100 

Ncwborns 
1 158 6 5 44 28 
1 - 114 82 2 8 25 
3 I IS 78 3 7 3 1 
4 140 5 1 2 5 18 
5 157 5 2 3 7 24 
6 132 50 3 5 2 7 

Mean + SD 137 + 17 6 3 +  13 34 + 6 2 5 k 4  
Infants 

7 161 7 5 24 15 
8 114 97 48 42 
9 76 7 3 1 1  14 

10 146 6 3 26 18 
I I 134 40 9 7 

Mean k SD 126 + 29 70 + 18 24 a 14 19 + 12 
Combined data 132 ? 24 66 t 16 29 + I2 22 + 9 

* Values are pmol. kg-'. h-'. 

Table 6. Pl~~llol~~lalut~it~c atlcl r!.rositlc it~rakc, clisrippr~urut~cc h!lproiritl .s!~t~il~c~sis, eipprpurritlcc /I!, proicitl hrt~rrkrlo~t~t~. U) IC /  /10r!)' 
p l ~ c t ~ ~ ~ l u l e ~ t ~ i t ~ c  hcilrt~ec 

Intake 

Group Phcnylalanine Tyrosine PHEs PHER PI~ERAI  

Ncwborns 
1 8 0.26 114 151 -36.00 
1 .. 27 0.95 86 8 7 -0.86 
3 14 0.47 8 1 104 -22.80 
4 0 0.00 116 141 -24.17 
5 3 7 1.20 I20 I20 -0.07 
6 18 0.60 9 7 115 -17.38 

Mean f SD 17.2 + 12 0.58 + 0.4 102.5 + 15 119.5-e 21 -17 + 13* 
Infants 

7 18 0.60 137 143 -6.25 
8 7 0.23 65 107 -41.19 
9 0 0.00 64 76 -10.86 

10 47 1.60 9 8 99 -0.92 
1 1  17 0.58 125 117 7.76 

Mean + SD 17.7 + 16 0.59 + 0.5 97.9 + 29 108.2 + 22 -I0 t 17 
Combined mean + SD 17.4 + 14 0.59 + 0.47 100.4 a 23 114 -c 22 -13.9 k 1.5 

* Values are pmol.kg-'. h-'. PHEs. phcnylalanine disappearance by protein synthesis: Pl-lEn. phenylalanine appearance by protein breakdown: 
PHEBAL, body balance of phcnylalanine. 

with sepsis, suggesting a n  increased rate of muscle breakdown, 
reduced rate of incorporation of phenylalanine into muscle pro- 
teins, and/or a n  alteration in the rate of hepatic conversion of 
phenylalanine to tyrosine (26, 27, 35, 36). Also, during protein 
deficiency, phenylalanine use decreases, leading to a relative 
increase in the plasma phenylalanine level, which again is pos- 
sibly due to a decreased enzymatic conversion of phcnylalanine 
to  tyrosine (37, 38). Of course, the low content of tyrosine in the 
parenteral amino acid mixture would also be expected to  raise 
the plasma-free phenylalanine/tyrosine ratio, although the ratio 
was also high in the two patients (patients 4 and 9) who were 
receiving glucose alone. This finding suggests a n  altered aromatic 
amino acid homeostasis in our  patients and possibly a change in 
the coupling between phenylalanine kinetics, hydroxylation, and 
tyrosine balance and oxidation. We speculate that because of the 
stressful o r  catabolic state combined with the low tyrosine intake, 
an impaired balance exists among phenylalanine retention, hy- 
droxylation, and tyrosine homeostasis in these patients with 
sepsis. Thus, phenylalanine hydyroxylation rates may be adap- 
tively increased in these patients but with the net effects of 

impairing phenylalanine balance and inadequately meeting the 
metabolic needs for tyrosine. It is not unusual for critically i l l  
patients with sepsis to develop supranormal values of physiologic 
parameters such as cardiac output o r  oxygen delivery that are 
still insufficient to  meet their needs (39). We speculate that a 
similar situation may occur at  the metabolic level, whereby 
multiple factors, such as increased protein breakdown and 
changes in the pattern of amino acid utilization and require- 
ments, lead to  increased rates of phenylalanine hydroxylation 
that are still insufficient to meet the tyrosine requirements. This 
hypothesis will need to be verified in follow-up investigations in 
which different intakes and ratios of phenylalanine and tyrosine 
intake are examined for their effects on phenylalanine and tyro- 
sine kinetics. Alternatively, the altered rates of phenylalanine 
hydroxylation and their relationships to  phenylalanine kinetics 
and intake might be a more general reflection of an impairment 
and changes in amino acid catabolism, which frequently occurs 
in sick and stressed patients (40, 4 1). 

The clinically determined standard amount of total parenteral 
nutrition formulation routinely used in our critically ill patients 



Table 7. W'llole bod!) protcirl rztrtrovcr (s~nthcs i .~  u t ~ d  
hrc~akdo\t~n) in criticalls ill it1 fat~ts 

Protein 
Synthesis Breakdown balance 

Group (g.kg-l.d-l) (g.kg-l.d-') (g.kg-l.d-l) 

Newborns 
1 
2 
3 
4 
5 
6 

Mean f SD 
Infants 

7 
8 
9 

10 
I I 

Mean SD 
Mean (combined) 

+ SD 

O L I I I I I I I I I N ~ J  
-4 -3 -2 -1 0 1 

PROTE/N BALANCE /9,kg-! d - 'j 

Fig. 2. Relationship between body protein balance and phenylalanine 
intake (rap putlcl) and phenylalanine hydroxylation (hol~otll pritlc.1). 

appears to be inadequate to support their aromatic amino acid 
needs. From the data shown in Table 6, intakes in the range of 
about 30-40 pmol . kg-'. h-' permit neutral body phenylalanine 
balances, suggesting that this intake level (equivalent to  about 
138 mg phenylalanine. kg-' . d-') is probably an appropriate tar- 
get for critically ill patients during the acute stage of their disease 
and in the virtual absence of a tyrosine intake. 

Critically ill newborns and infants with sepsis who receive 
limited parenteral protein and energy intakes, as dictated by 
routine clinical practice (34, 42), are unable to  maintain phen- 
ylalanine homeostasis, and because of the link between phenyl- 
alanine and tyrosine metabolism, it is to  be expected that a 
deterioration in tyrosine homeostasis will occur. Indeed, tyrosine 
may become a "conditionally" indispensable amino acid under 
these circumstances despite an apparently generous supply of 
phenylalanine. The reason for this is that the formation of 
tyrosine from phenylalanine occurs principally in the liver, where 
this tyrosine may or may not be made as easily available in times 

of metabolic stress as an exogenous source of tyrosine would be 
for meeting the tyrosine needs of the body organs and tissues. 
Because of its poor solubility, most parenteral amino acid mix- 
tures contain only a trace of tyrosine, while being designed to 
provide a generous phenylalanine intake; the assumption here is 
that the supply of phenylalanine will be sufficient to maintain 
an adequate availability of tyrosine where it is required. This 
assumption may be, and probably is, an overly simplistic assess- 
ment of phenylalanine-tyrosine interrelationships, particularly if 
the regulation of tissue and organ pools of phenylalanine and 
tyrosine occurs by way of separate systems and mechanisms and 
if these are, in turn, affected differently by stressful stimuli, 
including infection. Although another commonly used mixture 
(Trophamine, Kendall-McGaw Laboratories, Irvine, CA), has 
been supplemented with acetyl-tyrosine, the target intake level 
has been designed to support plasma amino acids concentrations 
similar to  those observed in healthy full-term, breast-fed, l-mo- 
old infants (43, 44). Although a possibly useful criterion, it is 
important to  assess whether "normal" serum values represent an 
appropriate nutritional goal for the critically ill patients (45, 46). 

Current estimates of amino acid requirements in human sub- 
jects are based largely on nitrogen balance studies (21); in the 
case of children, these values are supplemented with data from 
measurements of growth rates in response to specific nutritional 
treatments (21, 47). In the case of critically i l l  neonates and 
infants, these procedures are not feasible, and we suggest, from 
the present experience, that application of stable isotope tracer 
methods might be a useful way to investigate the quantitative 
requirements for specific amino acids in these patients. Indeed, 
"C-enriched amino acid tracers have been used successfully in 
adults to  estimate minimum intakes required to  achieve body 
balance of the irreversible oxidative losses of nutritionally indis- 
pensable amino acids (48). However, we recognize that for 
critically i l l  children with mechanically ventilated lungs it might 
be difficult to  obtain accurate measurements of total l'C-labeled 
C02 and COz production by indirect calorimetry, especially 
under conditions of the high air flow rates used to meet their 
ventilatory needs. Measurements of "C02 in plasma is possible, 
but precise estimation of rates of total C 0 2  production in these 
patients remains difficult. For these reasons, we chose to  apply 
the present phenylalanine-tyrosine tracer model as described by 
Thompson c7t al. (18), except that we used [I-"C]phenylalanine 
instead of ['Hs-ringlphenylalanine as tracer, thereby obviating 
the need for breath collections and measurement of respiratory 
gas exchange rates. 

In summary, we describe here, apparently for the first time. 
phenylalanine and tyrosine kinetics in critically ill pediatric 
patients with sepsis. From these observations we conclude that 
current clinical practice of total parenteral administration during 
critical illness is insufficient to  meet the aromatic amino acid 
requirements of these patients. Under these circumstances, we 
also speculate that tyrosine may be a "conditionally" indispen- 
sable amino acid. Hence, consideration should now be given to 
defining adequate intakes of the aromatic acids and, in particular. 
the ratio between phenylalanine and tyrosine. We fully appreciate 
that the present study is limited by sample size, the variable 
clinical condition of our patients, lack of a concurrent control 
group of healthy infants, and the different, clinically determined 
intakes of macronutrients among the infants. Although these 
difficulties are commonly faced by investigators who are inter- 
ested in canying out precise metabolic studies in critically ill 
infants, we considered it important to begin to  establish in 
quantitative terms whether the nutritional component of these 
infants' care was appropriate to  the metabolic changes that 
accompany their disease state. Our findings indicate the desira- 
bility of now investigating the impact of the level of aromatic 
amino acid intake, including the exogenous supply of tyrosine 
possibly given in dipeptide form, on phenylalanine and tyrosine 
kinetics and balance and their functional significance in critically 
ill children with sepsis. 
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APPENDIX 

Calculations regarding {13Cj and f enrichmcllls. 
The isotopomcrs of tyrosine seen arising at m/z 466(M-57r in 
the electron impact mass spectrum of the tertiary butyldimeth
ylsilyl derivative at the m + I (m/z 467) and m + 2 (m/z 468) 
ch;mnels have abundances of20% and 44%. respectively, relative 
to the main ion (m) at m/z 466. The isotopomcrs of the tracee 
therefore overlap with those of the less abundant [PC) and 
tyrosine tracers present in the labeled plasma samples. 

If only one tracer was present in the samples to be analyzed. 
then standards containing mixtures of natural and [uC] or [1H1] 
tyrosine could be measured and a calibration graph constructed. 
The regression coefficient (slope) andy intercept (constant) could 
then be calculated by single linear regression. These could be 
used to solve for the unknown enrichments in plasma. However, 
in these studies two tracers are present, and their isotopomers 
overlap. The 13C-tracer that is found at m/z 467 has isotopomers 
arising from it that contribute 44% of its signal to the channel at 
m/z 468 where the is predominantly found. Also, 
the (1H1)tyrosine tracer has isotopomers arising from it at m/z 
468 that arc I 0% of its signal and contribute to the channel at 
m/z 467 where the JJC-tracer is predominantly found. If the 
contributions of these isotopomcrs are not taken into account, 
then an overestimate of both enrichments will be made, resulting 
in an underestimate of tyrosine nux and an overestimate of 
phenylalanine hydroxylation. For instance, in these studies the 
corrected mean plasma [JJC) and (2H1]tyrosine enrichments were 
about 1.5 and 5%, respectively. However, because of the 44% 
spill-up of the (13C]tyrosine tracer into the 2H2-tracer channel at 
m/z 468, the uncorrected enrichment would have been 5.7%. 
Also. because of the spill-down into the [uC) 
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tyrosine channel at m/z 467, the uncorrected enrichment would 
have been 2.0%. 

To accurately calculate the enrichment of both the ["C] and 
[*H2]tyrosine enrichments that allows the signals at both m/z 
467 and m/z 468 to be taken into account, we camed out 
multiple linear regression of the ion ratios obtained from the 
standard mixtures as follows. First, the data obtained from the 
first set of standards containing only [13C]tyrosine and the second 
set of standards containing only ['Hz]tyrosine were plotted by 
assigning the ["C] or [*H2]tyrosine mole fractions to the s axis 
and m/z 467/m/z 466 and m/z 468/m/z 466 to the j1axis. These 
two calibrations were checked for linearity and outliers. Then 
the data obtained from the ["C] and ['H2]tyrosine mixtures were 
combined with the two sets of standards containing only one 
labeled tracer. Multiple linear regression was camed out by 
regressing mole fraction ["Cltyrosine against the ratios m/z 467 / 
m/z 466 and m/z 468 / m/z 466. The equation for ['Hz]tyrosine 

mole fraction was then also obtained by regressing the mole 
fraction ['H2]tyrosine against the ratios m/z 467 / m/z 466 and 
m/z 468 / m/z 466. The following equations from the multiple 
regression least squares analysis were obtained: 

Mole fraction [13C]tyrosine = C'o + CIINI + C12N2 

Mole fraction [?Hz]tyrosine = C'O + C 2 1 N ~  +C22N2 

where Clo and C'o are the derived constants for the ['C] and 
['Hltyrosine, respectively. CII and CZI are the derived regression 
coefficients for ["C] and ['Hltyrosine at m/z 467 / m/z 466, 
respectively. C1? and C'? are the derived regression coefficients 
for ["C] and ['Hltyrosine at m/z 468 / m/z 466, respectively. 
These would then be used to calculate the mole fraction enrich- 
ments of the ["C] and ['Hltyrosine from the measured ratios 
(NI  and N2) found in the plasma samples at m/z 467 / m/z 466 
and m/z 468 / m/z 466, respectively. 
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