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Nitrogen balance during intermittent dialysis therapy of uremia.
Daily measurements of nitrogen balance were made at two levels
of protein intake in five patients undergoing chronic intermittent
dialysis therapy. During ingestion of high (1.4 g/kg of body wt)
protein intake, nitrogen balance was positive on nondialysis days
and negative on dialysis days, so that cumulative balance for the
week of study was not different from zero. During ingestion of
low (0.5 glkg) protein intake, nitrogen balance was approximate-
ly zero on nondialysis days but was again negative on dialysis
days, so that cumulative balance for this period was negative.
The negative nitrogen balance observed on dialysis days was as-
sociated with a higher rate of urea nitrogen generation (Ge, g/24
hr, determined by a kinetic model of urea nitrogen in dialysis
patients) that was most evident in the hours immediately follow-
ing dialysis. Net protein catabolic rate (PCR, g124 1w), derived
from total nitrogen mass balance equations, correlated very
closely with G0: G, = 0.154 PCR — 1.7, r = 0.96. This relation-
ship agreed well with previous observations made in nondialyzed
uremic patients under more steady-state conditions. These stud-
ies demonstrate that nitrogen balance is negative on dialysis days
regardless of protein intake, and that G is higher on dialysis
days. The negative nitrogen balance could result from amino acid
loss in dialysate and from increased protein catabolism stimulat-
ed by loss of glucose into dialysate.

Bilan d'azote au cours du traitement de l'urémie par dialyse in-
termittente. Des evaluations quotidiennes du bilan d'azote ont
été réalisées a deux niveaus d'apports proteiques chez 5 ma-
lades soumis a Ia dialyse iterative. Au cours de l'ingestion d'un ap-
port elevé (1,4 g/kg poids corporel) de protéines le bilan d'azote
est positif les jours sans dialyse et negatif les jours avec dialyse
de telle sorte que le bilan cumulatif d'une semaine est nul. Au
cours de l'ingestion d'un apport faible (0,5 mg/kg poids corporel)
de protéines le bilan d'azote est approximativement nul lesjours
sans dialyse mais négatif lesjours avec dialyse de telle sorte que
Ic bilan cumulatif est négatif. Le bilan negatif observe les jours
avec dialyse est associe a un debit plus élevé de génération
d'urée (G0, mg/24 hr, déterminé par un modèle cinétique de
l'azote uréique chez les malades dialyses) qui est le plus net dans
les heures immédiátement consécutives ala dialyse. Le debit net
de catabolisme protéique (PCR, g/24 hr) dérivé des equations du
bilan de Ia masse totale d'azote est très correlé avec G,: G =
0,154 PCR — 1,7; r, 0,96. Cette relation est en accord avec des
observations faites antérieurement chez des malades urémiques
non dialyses dans de meilleures conditions d'etat stationnaire.
Ces etudes démontrent que le bilan d'azote est négatif lejour de
Ia dialyse quel que soit l'apport protéique et que GIl est plus
élevé ces jours-Ià. Le bilan d'azote negatif peut être Ia con-
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sequence de Ia perte d'acides amines dans le dialysat et de
l'augmentation du catabolisme proteique induite par Ia perte de
glucose dans le dialysat.

Determination of optimal intake of dietary con-
stituents is an important goal in the management of
the patient with chronic renal failure. Suboptimal
dietary intake caused by uremic gastrointestinal
symptoms or prescription of low protein diets may
result in protein and calorie depletion; unrestricted
protein intake may increase urea production and ex-
acerbate uremic symptoms [11. Dietary protein in-
take of 0.25 to 0.5 g/kg of body wt is necessary to
maintain nitrogen balance in normal patients [2]. In
patients with advanced chronic renal failure, nitro-
gen balance can be maintained despite marked pro-
tein restriction, provided that the ingested protein is
of high biological value and that the total calories
ingested remain greater than a certain minimum, 35
kcallkg [31. By contrast, a larger dietary protein in-
take has been recommended for patients under-
going intermittent dialysis treatment (IDT). Obser-
vations in patients dialyzed twice weekly with Kill
dialyzers indicate that protein intake of 0.75 to 1.0
g/kg is necessary to maintain nitrogen balance [4, 5].
The reasons for this increased protein requirement
compared to that of patients not on chronic dialysis
remain to be elucidated. The purpose of the present
study was to determine the influence of dialysis on
nitrogen metabolism and external nitrogen balance
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at low and high levels of dietary protein intake. Net
nitrogen balance was corrected for changes in the
body content of the major nitrogen catabolites (ni-
trogen in urea, creatinine, and uric acid), thereby
permitting the conclusion that negative and positive
balances reflect tissue catabolism and anabolism,
respectively.

Methods

Patients. Five patients (three men and two wom-
en) with end-stage renal disease were studied in the
Clinical Research Center at San Francisco General
Hospital (Table 1). They had received chronic he-
modialysis therapy for 3 months to 7 years; patients
C and E were anephric. They were in general good
health without recent intercurrent illness or other
complications; none had diabetes mellitus or other
systemic disease. All patients met the following cri-
teria: stable clinical course and nutritional state,
small interdialytic weight gain (1 kg), minimal re-
sidual renal function (urea clearance <2 cc/mm),
and ability to comply with the conditions of a meta-
bolic balance study and to compile accurate pre-
study diet records. The purpose of the studies and
the potential risks involved were fully explained to
each patient, and written consent was obtained.
The experimental protocol and the consent form re-
ceived the approval of the University of California
Committee on Human Research and the San Fran-
cisco General Hospital Clinical Research Center.

Diets and experimental periods. All patients were
studied at two levels of dietary protein intake, 1.4
and 0.5 g/kg (Table 1). The higher level was chosen
to reflect a usual protein intake in healthy individ-
uals, and the lower level was a previously suggested
maintenance protein intake in patients with chronic
renal failure 116]. The high protein diet averaged 77%

high biologic value protein, and the low protein diet
contained 37% high biological value protein. The
diets were designed to conform to the tastes of the
individual patients and to reflect their usual diets at
home. Total energy intake ranged from 20.5 to 30.9
kcal/kg/day throughout the study periods; estimated
caloric intake was constant for each patient during
each dietary period, and was tailored to match usual
caloric intake (Table 1). To maintain a more normal
diet pattern at the same energy intake during the
low protein period without resorting to the use of
formulas or other caloric supplements, ingested
protein was of lower biologic value than it was dur-
ing the high protein period. Four patients began the
study on the high protein intake, and one patient
initially received the low protein diet. The choice of
initial diet was made on the basis of that diet which
agreed most closely with the patient's usual protein
intake as estimated from diet records kept for the 2
weeks prior to study. All patients received meals at
8 A.M., 12 noon, and 5 P.M., as well as an evening
snack at 10 P.M. On dialysis days, breakfast was
eaten shortly after the start of dialysis, and lunch
was eaten following completion of dialysis. The
study diets were well-tolerated by all patients with
the exception of one patient (B) who could not eat
all the food during the high protein period. All pa-
tients received a daily multivitamin preparation
(Sigtabs®), mineral supplements (calcium carbon-
ate), and phosphate binders as needed. One patient
(E) received an anabolic steroid (fluoxymesterone,
20 mg daily) for treatment of anemia, as well as
maintenance steroid replacement (dexamethasone,
1.0 mg/day) for adrenal insufficiency.

Sample collections and analyses. Daily urine and
stool collections were made throughout each experi-
mental period. Serum was obtained daily for mea-

Table 1. Diet characteristics in five chronically hemodialyzed patients undergoing nitrogen balance measurements

Age Wt

Protein Calories

Total Per kg body wt Per kg body wt
Patient Sex yr kg Perioda g g %HBVh Total kca!

A M 65 82.5 1

II
115.6
43.1

1.40
.52

83
42

2.047
2,050

24.8
24.8

B

C

F

M

62

62

54.7

69.0

1

II
1

II

—
25.5
98.2
30.8

—
.47

1.42
.45

—
38
77
31

—
1,122
1,960
1.931

—
20.5
28.4
27.9

D F 49 70.1 I
II

84.7
34.7

1.21
.49

81

54
1,752
1,743

25.0
24.9

E M 35 55.5 1

II
81.9
28.5

1.47
.51

68
20

1.714
1,705

30.9
30,7

a Period I: High protein diet: Period 11: low protein diet
5%HBv: percentof dietary protein that was of high biologic value (animal or dairy protein)
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surement of urea nitrogen (SUN), creatinine, and
uric acid; in addition, postdialysis samples were
collected on treatment days. A duplicate diet for
each period was homogenized and an aliquot taken
for analysis. Urine, when available, and stool sam-
ples were pooled into 7-day periods and analyzed
for total nitrogen by the micro-Kjeldahl method of
Block et al, with l-g aliquots [7]. Aliquots of total
dialysate collections from each dialysis, and of diet
from each diet period (with the exception of patient
B's diet during the high protein period), were also
analyzed for total nitrogen by the same method. All
solid samples were assayed in triplicate and liquid
samples in duplicate. Recovery of added nitrogen
averaged 95 5%. Creatinine, urea nitrogen, and
uric acid in serum, urine, and dialysate were mea-
sured using standard methods for the autoanalyzer
[8—10].

The experimental diet was administered on day 0,
and balance measurements were made on days 1
through 6. The diet was then changed on day 7, and
balance measurements were repeated on days 7
through 13. The period of high protein ingestion is
called period I, and consisted of 4 nondialysis days
and 2 days in which hemodialysis took place ac-
cording to the patient's usual treatment regimen.
The period of low protein ingestion is called period
II, and consisted of 4 nondialysis and 3 dialysis
days. As stated above, period II followed period I in
four of the five patients.

Calculations: Nitrogen mass balance. To deter-
mine the quantitative relationship between urea ni-
trogen production and protein catabolism, it is nec-
essary to make independent measurements of both
net protein catabolic rate (PCR) and urea nitrogen
appearance or generation rate (Ga). PCR was calcu-
lated from nitrogen mass balance measurements as
follows. Body nitrogen (N) accumulation (or loss)
over a time period zt from t1 to t2 is determined by
the balance between N intake (N1) and N loss (N0):

[Body N accumulation]
= [body N content]2 — [body N content]1
= [N1] — [N0] (1)

Body N content can be considered to exist in two
major compartments, a relatively stable amount of
N in tissue proteins (NT), and a more labile pooi of
nonprotein N from protein catabolism (Neat). For
the purposes of these studies, Ncat is taken to be the
amount of N contained in urea, creatinine, and uric
acid dissolved in body fluids, and mention of these
solutes refers to their N contents. Substitution of
these terms into Equation 1 leads to

[NT + Ncat]t2 — [NT + Nat]ti
= [N1] — [N0]1

which, for the interval t can be rewritten as

NT = NT — N0 —

(2)

(3)

where LNT is tissue nitrogen balance, referred to
subsequently as TNB. In these studies, the sole
source of N1 was dietary protein intake (DPI), and it
was measured as total N in aliquots of homogenized
diet as described above. N loss occurred through
urinary (N0) and fecal (NF) N excretion, and
through loss of N in dialysate (ND) occurring on
dialysis days:

N0 = N0 + NF + ND (4)

N loss via these routes was measured from total N
determinations of collected samples as described; N
losses from skin, sweat, and breath were ignored in
these studies. The change in the body pool of Ncat
during the balance interval was determined from the
changes in concentration (C) of urea (u), creatinine
(cr), and uric acid (ua) in plasma from the beginning
to the end of the interval multiplied by each solute's
volume of distribution (V):

Ncat = LCV + LCcrVcr + CuaVua (5)

V for these solutes was calculated using a comput-
er-assisted single-pool model of solute kinetics in
patients undergoing IDT [11, 12]; verification of the
model predictions for V with that measured direct-
ly by urea infusion will be the subject of a separate
report.

Thus, all unknown terms on the right side of
Equation 3 could be calculated from easily mea-
sured variables, thereby permitting solution for
TNB. Since biologic protein on average consists of
16% N, all N terms can be expressed as protein
equivalents by multiplying by 6.25. Net PCR is de-
fined as the sum of the N0 and Ncat terms of Equa-
tion 3, expressed as protein equivalents:

PCR = 6.25 (N0 + Ncat) (6)

Numerous studies 113—16] have suggested that the urea space
is a single compartment closely equated to total body water, and
that distribution volume for creatinine closely resembles that for
urea [17, 18], but that uric acid is distributed in a volume about
half the total body water [19]. Although kinetics of creatinine and
uric acid in dialysis patients are more accurately described using
multipool models [20—22], errors introduced by estimating distri-
bution volumes from single-pool kinetics will be small, particu-
larly since over 90% of Ncat was accounted for by urea N in
these studies.
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Urea nitrogen generation. An independent mea-
sure of urea nitrogen appearance or generation (G0)
was obtained by means of a kinetic model describ-
ing urea accumulation between dialyses and remov-
al during dialysis [11]. This model assumes single-
pool distribution of urea in the body. Agreement be-
tween the predictions of the kinetic model and di-
rect calculation of G from urea nitrogen mass bal-
ance is excellent and will be presented in a separate
report. This measurement of G represents an esti-
mate of net urea nitrogen generation, and it may be
considered to be similar to the urea appearance rate
as defined by Walser et al [23].

All data are presented as mean 1 SD; statistical
significance of differences between groups was as-
sessed with Student's t test for paired or unpaired
data.

Results

Nitrogen balance on high and low protein in-
takes. Observations on nitrogen balance were avail-
able for a total of 24 days in four patients ingesting
the high protein diet (period I) and for 33 days in
five patients during the low protein period (period
II). The results of these determinations are shown
in Table 2. During period I, cumulative TNB was
positive in two patients, about even in a third, and
negative in the other; mean cumulative TNB for the
whole group was +5.7 (SD) 7.8 g of N per patient
for the 6 days of study or +0.95 2.6 g of N per
patient per day; these values are not significantly
different from zero. During period II, cumulative
TNB was negative in each of the five patients. The

mean value was —12.1 8.8 g of N per patient for
the study period, a value significantly less than zero
(P < 0.05). This is equivalent to 11.5 g of negative
protein balance per patient per day, or 75.6 g of tis-
sue protein lost per patient for the entire period.
Stool nitrogen loss did not differ significantly be-
tween the two periods (P > 0.10).

Table 2 and Fig. 1 show the data on daily TNB for
the patients during the two study periods. During
period I, daily TNB was negative on 6 of 8 dialysis
days and was only slightly positive (<0.8 g of N) on
the other 2 days. During period II, TNB was nega-
tive on 12 of 13 dialysis days (Table 2). Overall,
TNB on dialysis days during both periods averaged
—2.5 2.4 g of N per patient per day, a value signif-
icantly less than that of +0.5 2.4 g of N per pa-
tient per day observed on nondialysis days (P <
0.001). This same difference is observed if the data
within either period I or period II alone are consid-
ered. During period I, TNB was —1.4 2.2 g of N
per patient per day on dialysis days and +2.1 1.9
g of N per patient per day on nondialysis days (P <
0.001); during period II the corresponding figures
were —3.1 2.3 and —1.0 l.8gofNper patient
per day, respectively (P < 0.05). Although TNB
was more negative on dialysis days in period II than
it was in period I, this difference did not reach sta-
tistical significance (P> 0.10). On the other hand,
TNB on nondialysis days during period I was signif-
icantly greater (more positive) than was the corre-
sponding value observed during period II (P <
0.001).

In view of this negative TNB on dialysis days, it

Table 2. Daily tissue nitrogen balance in five patients receiving intermittent dialysis therapy"

Day

Patient .
Mean daily

nitrogen balanceA B C D E

Period I: High protein intake
1 + 5.88 — + 3.95 + 3,70 0.00 + 3.38
2 + 4.31 — + 2.93 -i- 0.94 0.00 + 2.05
3b + 0.72 — — 5.42 — 0.28 — 1.50 — 1.62
4 + 2.56 — 0.05 + 1.43 — 1.30 + 0.66
5b — 0.40 — — 3.98 + 0.77 — 1.30 — 1.23
6 + 2.35 — + 2.72 + 2.02 + 2.80 + 2.47

Weeklvtotal +15.42 + 0.15 + 8.58 — 1.30 + 5.71

Period II: Low protein intake
7b — — 5.88 — 4.69 — 1.89 — 4.15
8 — 1.43 —0,86 — 1.25 — 0.32 — 3.30 — 1.43
9 + 1.09 —0.26 — 0.97 + 0.13 — 1.41 — 0.38

10" — 0.66 —3.03 — 7.69 — 1.46 — 2.80 — 3.12
11 + 0,39 —0.57 — 0.75 — 0.64 — 2.41 — 0.79
12" — 1.60 —2.02 — 5.56 — 3.79 + 0.15 — 2.56
13 + 1.26 —0.61 — 0.76 + 0.27 — 7.31 — 1.43

Weekly total — .95 —7.35 —22.86 —10.50 —18.97 —13.86

"Values are in grams of nitrogen per day.
b Days on which hemodialysis was carried out.



Nitrogen balance in dialysis patients 495

Low protein then given by the uppermost solid line. On dialysis
days, nitrogen output consists of dialysate (hatched
area) as well as stool and urine nitrogen. The de-
crease in catabolite nitrogen in body fluids on dial-

Time, days

Fig. 1. Daily tissue nitrogen balance in five patients receiving
intermittent dialysis therapy during ingestion of high (1.4 g/kg)
and low (0.5 g/kg) protein intakes.

• Dialysis days •
o Nondialysis days

I
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Dietary protein intake, g

Fig. 2. Relationship of protein catabolic rate (PCR) to dietary
protein intake (DPI) in five patients undergoing chronic hemodi-
alysis treatment. On dialysis days (closed circles), PCR generally
exceeds DPI, as shown by the majority of these points clustering
above the line of identity. PCR on nondialysis days (open circles)
is above the line of identity at lower DPI, and below the line at
higher DPI. PCR in dialysis days, however, is higher than on
nondialysis days regardless of DPI.

Time, days

Fig. 3. Detailed nitrogen balance measurements in patient D
during high (days Ito 6) and low (days 7 to 13) DPI. Nondialysis
days are shown by clear bars, dialysis days by shaded bars. For
details, see text.
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is possible that the greater number of dialyses in-
cluded in period II could contribute to the cumula-
tive negative TNB observed in this period. That this
is not entirely so, however, is shown by determin-
ing average daily TNB for days 8 through 13 alone
and comparing this to the value for days 1 to 6 (peri-
od I), each period consisting of 2 dialysis and 4 non-
dialysis days. Daily TNB for days 8 to 13 averaged
—1.6 1.0 g of N per patient per day, still signifi-
cantly less than the corresponding value for period I
(P < 0.005).

This catabolic effect of dialysis is shown in anoth-
er form in Fig. 2. Here, PCR has been calculated
according to Equation 6 and compared to daily pro-
tein intake. PCR exceeds DPI on most dialysis
days, suggesting breakdown of endogenous protein,
but PCR is less than DPI on nondialysis days.

The daily variations in TNB, and its individual
components, are shown for a representative pa-
tient-study in Fig. 3. Nitrogen balance in grams per
day is plotted on the ordinate for each day of study.
Nitrogen intake is shown as the lowest (most posi-
tive) solid line, and all nitrogen output is plotted as a
vertical column above this line. On nondialysis
days, this consists of stool nitrogen, urine nitrogen,
and adjustment for the increase in catabolite nitro-
gen in body fluids. Nitrogen balance for the day is
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exists in the patient undergoing IDT. The negative
intercepts of these lines confirm that some N excre-
tion occurs through nonurea routes, chiefly as N in
creatinine, uric acid, and stool. This accounts for a
residual PCR of 11 g124 hr in our patients when G is
zero. This value was constant over the range of
PCR observed, as shown in Fig. 5. The value of this
obligatory nonurea nitrogen excretion averaged 2.2

0.6 g/24 hr in these five patients, and it is close to
the value of — 1.7 g/24 hr obtained for the Y inter-
cept of the relationship in Fig. 4a.2

Effect of hemodialysis on urea generation rate.
The relationship between G and PCR (Fig. 4), and
the observation that net PCR was higher on days on
which hemodialysis occurred (Fig. 2), led to the
prediction that G, would also be higher on dialysis
than nondialysis days. This was in fact the case.
During period I, G on nondialysis days averaged
9.9 3.2 g/24 hr, significantly less than the value of
12.7 3.1 g/24 hr calculated for dialysis days (P <
0.005). During period II, the figures were 4.0 1.0
g/24 hr on nondialysis days vs. 5.6 1.7 g/24 hr on
dialysis days (P < 0.05). To examine further this
increased G on dialysis days, SUN was measured
at frequent intervals following the completion of a
dialysis during each period for each patient, and the
rate of urea production was determined for the in-
terval from the end of dialysis to the time of the

2 J is likely that the magnitude of this nonurea nitrogenexcre-
tion will vary according to body size.

ysis days is subtracted from dialysate nitrogen; the
magnitude of this correction is indicated by the area
in broken lines. Tissue nitrogen balance is then
shown again by the uppermost solid line. It can be
seen that during period I TNB on nondialysis days
was always positive, and averaged +2.0 g of N per
day for these 4 days of the study period. During pe-
riod II, TNB on nondialysis days was close to zero.
By contrast, TNB was negative on 4 of the 5 dial-
ysis days, the sole exception occurring on 1 dialysis
day during period I.

Relationship between urea generation rate and
protein catabolic rate. Daily G was calculated ac-
cording to the kinetic model (see Methods), and the
results were compared with the simultaneously de-
termined PCR (Equation 6). The results are shown
in Fig. 4a, where G0 is plotted against PCR, each in
grams per 24 hours. Over the range of PCR observed
in these studies (30 to 110 g/24 hr), the expected
strong correlation between these two variables was
observed (G = 0.154 PCR — 1.7, r = 0.96), On aver-
age, each 100 g of protein catabolized gave rise to
15.4 g of urea nitrogen, a figure close to the 16 g
expected if urea were the sole end-product for nitro-
gen from protein catabolism. That this relationship
is not simply a consequence of the nonsteady-state
conditions of IDT is suggested by the plot shown in
Fig. 4b. Here, G and PCR have been derived from
data in nondialyzed patients with stable chronic
renal insufficiency presented by Cottini and associ-
ates [24]. Essentially the same relationship between
G and PCR exists in the stable uremic patient as

= 0.154 PCR—1.7
r 0.96

15 -

12

9

6

3

-b

I

G=0.149PCR_1.,,,,,7,//

60 80 100

Protein catabolic rate,g/24 hr

Fig. 4. Relationship between urea nitrogen generation rate (Ga) and protein catabolic rate
at different levels of protein intake, G and PCR were calculated as described in Methods.
Panel a shows the relationship in five patients receiving IDT (this study). Panel b shows the
relationship as derived from data presented by Cottini et al [24] in patients with chronic
renal insufficiency not receiving IDT.
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were carried out in patients just beginning IDT [4,
5], whose nutritional requirements may have been
greater than those of the more stable, chronically• dialyzed patient, and conclusions were based in
other studies on observations made in patients stud-
ied as outpatients rather than on the metabolic ward
[41. These early investigations were also carried out

• with older dialysis equipment and less frequent dial-
• ysis schedules [4, 5].

The present studies demonstrate that ingestion of
0.5 g of protein per kg of body wt per day results in
negative nitrogen balance, and thereby support the
conclusions of the earlier investigations. Since our
patients were stable IDT patients undergoing dial-

80 100 ysis three times per week with more efficient dialy-
zers, these conclusions therefore apply to contem-
porary standards of dialytic treatment. Several fac-
tors in our studies, however, must be considered in
reaching this conclusion. The period of study on the
low protein intake was only a week long, a period
perhaps too short to allow full adjustment to this
level of intake to occur. Observations in non-
dialyzed patients with chronic renal failure have
demonstrated that nitrogen balance on a low protein
intake is achieved only after a prolonged period of
equilibration [6]. If this applied to our patients, then
a 1-week period would clearly have been in-
sufficient to assess the consequences of the low pro-
tein diet. The earlier studies of nitrogen balance in
IDT patients avoided this problem by carrying out
balance measurements over several weeks' time [4,
5]. In addition, one must question whether IDT pa-

Discussion tients, with their large, cyclical oscillations in blood
solute concentrations and urea pool size, ever
achieve equilibration in the same sense as do non-
dialyzed uremic patients. Another factor which
could have influenced these results was the low
fraction of total ingested protein that was of high
biologic value during period II. Utilization of die-
tary protein in uremia depends in part on the biolog-
ic value of the protein [3], and the low value protein
during period II could have contributed to the nega-
tive nitrogen balance during this period. The diets
used in these studies were selected in an attempt to
maintain constant caloric intake without having to
resort to caloric supplements; the consequence of
this was a reduction in the quality of the ingested
protein. Such a pattern, however, is typical of pa-
tients given protein-restricted diets as outpatients
[4].

A third factor which could have influenced these
results relates to the caloric intake of our patients.

_______________________________________________ In nondialyzed uremics, nitrogen utilization is facil-

I
Q
=0
00
0

C

0
=
C0z

4.0

3.0

2.0

1.0

0 20 40 60

Protein catabolic rate, 9/24 hr

Fig. 5. Relationship of average aaily nonurea nitrogen appear-
ance (the sum of creatinine, uric acid, and stool nitrogen) to pro-
tein catabolic rate in five patients receiving IDT. Each patient
was studied on a low protein (0.5 g/kg) diet, and four patients
were studied on a high protein (1.4 g/kg) diet. Overall, no rela-
tionship could be shown between nonurea nitrogen appearance
and simultaneous PCR.

blood sample. The results of these calculations are
shown in Table 3; for comparison, G for the 24 hours
preceding the dialysis is also shown. Following dial-
ysis, urea generation abruptly increased in all pa-
tients compared to the previous day's value. This
increase was observed chiefly during the first 8 hours
following completion of dialysis, and occurred re-
gardless of the level of protein intake.

Initial observations of dietary requirements in
IDT patients suggested that a protein intake of at
least 0.75 glkg was necessary to support nitrogen
balance [4, 5]. Some of these studies, however,

Table 3. Kinetically measured urea generation rate (Ga) at
increasing intervals following completion of dialysis

Patient Period

.
Preceding
dayG

mg/mm

At
l.Shr

At
3hr

Postdialysis
mg/mm

At
Shr

G

At
8hr

At
2Ohr

A I
II

9.6
4.0

14.9
9.9

14.9
9.9

20.4
11.2

16.7
6.5

11.6
4.1

B I
II

3.4
2.1

18.2
2.6

15.6
2.6

12.6
3.9

10.2
2.9

4.4
2.6

C I
II

7.5
2.5

16.0
8.0

18.0
—

14.4
4.8

14.3
3.8

10.1
3.2

D 1

II
6.7
2.3

14.4
6.2

9.6
6.2

10.3
4.6

8.1
4.6

7.0
2.4

E I
II

8.0
2.6

14.6
4.2

11.5
6.3

11.3
6.3

11.4
5.5

7.7
4.6
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itated by a calorie intake of at least 35 kcallkg [3,
25], and this figure is also recommended for dialysis
patients 1126]. Thus, the lower caloric intakes of our
patients during period II could have been involved
in the negative nitrogen balance that was observed.
This nitrogen-sparing effect of calories in uremic pa-
tients is usually demonstrated in circumstances of
extreme protein restriction (0.25 to 0.3 g/kg), how-
ever, and may not be as pertinent for less severe
degrees of protein restriction. The caloric intakes of
our patients were selected on the basis of their usual
dietary patterns, and were achieved without resort-
ing to caloric supplements. Hence, these results
may be a more accurate reflection of the usual die-
tary patterns of TDT patients.

The cumulative negative nitrogen balance ob-
served in these studies during period H occurred be-
cause of the predominant effect of negative nitrogen
balance on dialysis days compared to the approxi-
mately neutral balance on nondialysis days. This ef-
fect of dialysis was also observed during period I,
the high-protein period, where cumulative nitrogen
balance was about even because positive nitrogen
balance on nondialysis days was able to offset the
negative balance which occurred on dialysis days.
The precise factor(s) about dialysis responsible for
this negative TNB on dialysis days are not clear
from this study. Dialysis results in marked fluctua-
tions not only of blood solute concentrations, but
also in levels of metabolic hormones and fuels 1127,
28]. In particular, amino acids are lost into dialysate
in large quantities; this can amount to 1 to 3 g of
amino acid N for each dialysis ILl, 29—311. The aver-
age overall negative nitrogen balance on dialysis
days in these studies was —2.4 g of N per patient
per day, an amount conceivably accounted for by
amino acid N loss in dialysate. Although measure-
ment of a-amino N in dialysate was not made in
these experiments, an estimate of N lost in this form
can be made. In dialysate, N contained in urea,
creatinine, and uric acid amounted on average to
94% of total N measured by the Kjeldahl method. If
the remaining 6% were all in the form of amino acid
N, then an average of 1.4 g of N would be lost in this
form per dialysis. These estimates thus indicate that
60% of dialysis-related negative nitrogen balance
could result from loss of amino acid N in dialysate.

Data from this and other studies, however, sug-
gest that other factors may occur to help explain the
dialysis-induced negative TNB. Losses of amino
acids into dialysate result in only a modest decrease
in blood concentration of some amino acids, no
change in others, and an actual increase in still oth-

ers 1128—301. This observation suggests that the loss-
es in dialysate are occurring in large part from an
intracellular amino acid pool. Bergstrom et at mea-
sured intracellular amino acid concentrations in
muscle biopsy specimens from uremic patients after
peritoneal dialysis, and they found few differences
from the predialysis values [32]. This suggested to
them that catabolism of intracellular proteins oc-
curred in response to dialysis to maintain intra-
cellular amino acid pools despite the loss of amino
acids in dialysate [32]. Ganda et al speculated that
the normal or elevated blood concentrations of
some amino acids following dialysis could reflect
the accelerated release of these compounds from
tissues such as muscle or liver [28]. If this occurred
without marked change in intracellular amino acid
concentrations [32], then ongoing catabolism of cell
protein would be necessary to replace the amino
acids released into the blood. Loss of glucose from
blood into glucose-free dialysate, as used in these
studies, causes a reduction of plasma glucose [28,
33], and stimulates gluconeogenesis [33]. Since ala-
nine from skeletal muscle is a major amino acid sub-
strate for hepatic gluconeogenesis [34], it is possible
that glucose loss during dialysis could serve as a
stimulus to protein catabolism by its effect to in-
crease hepatic gluconeogenesis. Alanine release
from skeletal muscle is increased in uremic pa-
tients, but dialysis did not appear to have an added
effect (GARBER AJ: personal communication). In-
terestingly, Kopple and associates found that addi-
tion of glucose to the dialysate reduced by half the
amount of amino acids lost during dialysis [31].

The data on postdialysis urea nitrogen generation
(Table 3) are consistent with the view that protein
catabolism is stimulated by dialysis. This possibility
had been suggested earlier by Rubini et al on the
basis of their observation of a slower rate of rise of
SUN as the interval between dialyses became more
lengthy [351. In the present studies, G on the aver-
age more than doubled in the period immediately
following dialysis, when compared to the value for
the preceding 24 hours (Table 3). This enhanced urea
appearance was calculated from the change in SUN
concentration multiplied by the distribution volume
for urea. Consequently, more marked rises in SUN
immediately following dialysis could reflect a
"rebound" phenomenon caused by entry of urea
from a poorly cleared second pool, and not be due
to an actual increase in the rate of urea generation.
This, however, does not seem likely. Studies of
urea kinetics using multicompartmental models
have shown that any equilibration between corn-
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partments which occurs after dialysis does so ex-
tremely rapidly, less than 1 hour [20, 36], and that any
error introduced by using a single- rather than
double-pool model amounts only to about 2% 1122].
The increase in G after dialysis was much greater
than that consistent with any error of this magni-
tude, and could be observed for at least 8 hours,
far longer than any equilibration between com-
partments should take. In agreement with this, we
have found that infused urea in these same patients
resulted in stable elevations of SUN as soon as 1
hour after infusion (BORAH MF et al: unpublished
observations). These considerations suggest that the
accelerated rate of rise in SUN in the postdialytic
period is therefore a reflection of stimulated G re-
sulting from increased PCR on dialysis days. This
may help to account for the negative TNB observed
on these days.

The fundamental relationship between net pro-
tein breakdown and urea nitrogen generation (Fig.
4) was preserved in patients undergoing IDT, and
was not appreciably different from that seen in non-
dialyzed uremic patients reported by Cottini, Gal-
lina, and Dominguez [24]. This relationship may be
useful in the nutritional management of patients re-
ceiving IDT. In the stable patient, calculation of G0
by kinetic or other methods will yield an estimate of
PCR according to the relationship shown in Fig.
4a. As can be seen from Equations 3 and 6, PCR
will be exactly equal to DPI when TNB is zero, i.e.,
when the patient is in the steady state and is neither
gaining nor losing tissue protein. Thus, an accurate
estimate of DPI can be obtained without resorting
to tedious dietary history taking. Indeed, we have
found that DPI estimated in this fashion in stable
patients is more accurate than are routine diet sur-
veys conducted by an experienced dietitian [37, 38].
Using this estimate of DPI, we can then counsel the
patient to increase protein intake if PCR is low, or
decrease it if PCR is high. From the observations of
this and other studies [4, 5], an appropriate target
value for DPI (and PCR) would appear to be about
1.0 to 1.1 g/kg/24 hours. Intake of this magnitude
should be sufficient to afford maximal support of
TNB without resorting to excessive protein catabo-
lism and the attendant risk of exacerbating uremic
symptoms.

Of even greater potential importance is the nutri-
tional information which this kinetic approach may
provide in cases where nitrogen balance is not in the
steady state (dialysis of acute renal failure; dialysis
of the pediatric patient). Comparison of protein in-
take to kinetically determined PCR in such patients

should give an accurate estimate of the extent of
nonzero nitrogen balance and thereby direct atten-
tion to possible changes in nutritional therapy [38].
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