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Improvement of the Accuracy of
Bilirubinometer Results

Verbesserung der Richtigkeit von Bilirubinometer-Ergebnissen
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Summary:

Using two methods, i. e. the reference method of Doumas and measurement with a bilirubinometer, bilirubin
was measured in 80 neonatal sera, and in 30 sera from healthy adults containing added, unconjugated biliru-
bin.

In the range 150—350 umol/l, the regressions of the analytical values were identical. Thus, correct values for
neonatal sera can be obtained by the bilirubinometer after calibration with a pool of adult sera (containing
added bilirubin and standardized with the reference method). However, all bilirubinometers show a more or
less curved calibration line, so that deviations from accuracy are to be expected at certain analytytical con-
centrations, depending on the bilirubin content of the calibrator. A calibrator concentration of 250 umol/l is
suggested as optimal.

Using the procedure described here, it is possible to test the linear range of individual bilirubinometers in the
routine laboratory.
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Zusammenfassung:

Die Bilirubinkonzentration in 80 Neugeborenenseren und 30 Séren von gesunden Erwachsenen, die mit un-
konjugiertem Bilirubin aufgestockt waren, wurde mit der Referenzmethode nach Doumas und einem Bilirubi-
nometer gemessen. ’

Die Regressionsfunktionen durch die MeBpunkte sind fiir beide Gruppen im Bereich 150—350 xmol/l iden-
tisch. Daraus folgt, daB richtige Ergebnisse in Neugeborenenseren mit Bilirubinometern erzielt werden kén-
nen, die mit einem Pool von aufgestockten Erwachsenenseren unter Verwendung des Referenzmethodenwer-
tes kalibriert sind.

Da alle Bilirubinometer eine mehr oder weniger stark gebogene Kalibrationskurve haben, sind jedoch, abhén-
gig von der Kalibratorkonzentration, Abweichungen von der Richtigkeit in bestimmten Mef3bereichen zu er-
warten. Als optimale Kalibratorkonzentration wird 250 umol/l vorgeschlagen.

Mit dem hier beschriebenen Verfahren ist es auch fiir Routinelaboratorien méglich, den Linearititsbereich
des eigenen Gerétes zu liberpriifen. ’

Schlisselwérter: .
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In addition, interlaboratory collaborative studies showed
a wide scatter of results and considerable deviations of
accuracy. These interlaboratory studies involved the ana-
lysis of control samples, whose bilirubin content had
been determined with the reference method (3).

Closer investigatjon of the control samples or standards
showed that the matrix of these samples differed more
or less from that of neonatal samples. Bilirubinometer re-
sults are, however, strongly dependent on the sample

Introduction

Bilirubinometers or ,bilimeters” are widely used for th
determination of bilirubin in neonatal sera. :

These are simple filter photometers, which measure the
absorbance of undiluted serum or plasma at two wave-
lengths, and directly compute the concentration of biliru-
bin. A glass capillary serves as the cuvette. Since no pi-

petting is involved, and the procedure is not prolonged
by chemical reactions, the bilirubinometer gives rapid re-
sults, even in the hands of less experienced personnel.

The calibration of bilirubinometers, however, represents
a significant problem. Generally ,control sera” are used
for this purpose, with assigned values stated by the
supplier. How these assigned .values have been determi-
ned is often unclear. Moreover, it has recently become ap-
parent that analytical results may vary, depending on the
standard used, and differences have even been observed
between batches of the same standard (1, 2).
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matrix, especially on the protein composition. It is there-
fore not surprising that standards with human or bovine
serum albumin as the protein base should prove unsuita-
ble as calibrators, when their reference method value is
used as the assigned calibrator value. It was therefore
suggested (4) that bilirubinometers should be calibrated
with a pool of neonatal sera, and that the assigned value
of this pool should be determined with the reference me-
thod. This procedure leads to a marked improvement in
accuracy (1, 2), but it is impracticable for most laborato-
ries. .
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In the present work it is shown that adult serum with ad-
ded bilirubin is also suitable as a calibrator, and that a
calibrator bilirubin concentration of about 250 wmol/l
(about 15 mg/dl) leads to sufficiently accurate results in
the diagnostically relevant range.

3
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Materials and Methqu

Serum samples

Samples were obtained from newborns by venipuncture;
they were allowed to coagulate completely, then centrifu-
ged and stored at —20 °C.

After thawing and re-centrifugation, the samples were
analysed within 2 h. Visibly haemolytic samples, i. e. with
a haemoglobin content > 1g/l, were excluded.

All the adult serum samples were from healthy, fasted
probands; they contained a starting bilirubin concentra-
tion of < 7 umol/l, and they were visibly neither lipaemic
nor haemolytic. Extra bilirubin was added to 30 different
adult serum samples, to a final concentration between 70
and 390 umol/l. These samples, as well as the neonatal
serum samples, were measured in bilirubinometer No. 1,
and with the reference method (5). To test linearity, a
: pool of 10 adult sera (bilirubin concentration: 5.1 umol/l)
, was equilibrated to pH 7.4 with tonometer gas, followed
by addition of bilirubin to a concentration of 400 umol/l
(reference method), then finally diluted with the starting
pool.

Addition of bilirubin

Addition of bilirubin to adult samples was performed ac-
cording to Doumas (5). Thirty milligrams of bilirubin
(Fluka) were mixed with 2 m| of dimethyl sulphoxide and
. 4 ml of Na,CO; solution (0.1 mol/l), and shaken on the
; vortex mixer until completely dissolved. Appropriate vo-
! lumes of this solution were then added to the filtered
serum pool and to the individual sera.

. Controls

The reference method (5) was monitored with the aid of
2 samples (P1, Lot No. 870624, concentration 308.1 umol/
I; P2, Lot No. 870622, concentration 106.1 umol/l) from
the Rijkinstituut voor Volksgezondheid en Milieuhygiene,
Bilthoven, Netherlands.

Capillaries

Forty capillaries were weighed empty and filled with wa-
ter. The average internal diameter was calculated from
the weight difference, according

Pt

to the formula, d =
m+h

To assess the unevenness of curvature, 300 capillaries
were filled with various serum samples (average bilirubin
concentration 265 wmol/l), and the absorbance values no-
ted as each capillary was turned through 360° in the ap-
paratus. The average differences of the largest and smal-
lest values were recorded.

Apparatus and analytical procedure

Five “Moltronic” bilirubinometers (Mochida Pharmaceuti-
cal Co., Tokyo, Japan) were used with the capillaries re-
commended by the manufacturer. One apparatus was
new from the factory, while the other four had seen leng-
thy service in different laboratories for the routine deter-
mination of bilirubin.

According to the manufacturer, the apparatus measures

at 455 and 575 nm in glass capillaries with an internal *

diameter of 1.12 to 1.17 mm. All apparatuses were calibra-
ted with a pool of 10 neonatal sera (2) containing a biliru-
bin concentration of 228 umol/l.

To test the linearity of the 5 bilirubinometers, pool sera
supplemented with added bilirubin were placed in 2 ca-
pillaries. Since the capillaries are not perfectly round,
they were turned slowly in the apparatus through 360°,
and the average of the highest and lowest reading was ta-
ken as the analytical value.

For analysis with bilirubinometer No. 1, only one capil-
lary was used for each adult or neonatal serum sample.

To test the effect of the degree of monochromicity of the
analytical light beam, 7 supplemented serum samples
(100—-400 umol/l) were analysed in 2 spectrophotome-
ters:

a) Spectrophotometer Perkin-Elmer 554, band width 1
nm;

b) Spectrophotometer Zeiss PM4, band width 10 nm and
20 nm.

Fig. 1: Bilirubin concentration of 30 60
adult sera containing added bilirubin

y-axis: Difference between bilirubino-

\} meter values and reference method 40
1 values

x-axis: Reference method values

Residuals [umolA)
(-]

«20 -1

1 ; [} ) 2 ; 1] 3 é 0
Bllirubin (reference method) ' [imoln)
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The samples were placed in a cuvette of 0.9 mm light
path (manufacturer: Hellma, short light path cuvette) and
measured at 455 and 575 nm.

The wavelength accuracy of the photometers was tested
with the emission line of the deuterium famp () = 5665.1
nm), and the absorption accuracy was tested with cyano-
haemiglobin solutions, with assigned values determined
by the Physical-Technical Federal Institute, Berlin.

Total bilirubin in serum samples was determined by the
reference method of Doumas (5). All volumes in the origi-
nal method were decreased ten-fold, and all other proce-
dures were unchanged; precision and accuracy were the
same as reported for the original method (6). The spec-
trophotometer Perkin-Eimer 554 was used for these refe-
rence value measurements, and results were calculated
using the molar absorption coefficient for azobilirubin,
€=75500L x mol"' x cm™’

Statistics

The regression function through the scattered points for
adult and neonatal sera was calculated as a second order
polynome (7)

Results and Discussion

Bilirubinometers are used not only in the laboratories of
women's and children’s hospitals, but also for the direct
determination of bilirubin at maternity stations. The re-
sults are often used as a basis for therapeutic decisions
(e. g. phototherapy). A multicentre study on ,critical” bili-
rubin concentrations in premature babies was also based
on the use of bilirubinometers (8). At first, however, little
attention was paid to the problem of accuracy. In particu-
lar, the question of the correct calibration of bilirubino-
meters, which is now attracting increasing attention, was
not addressed until recently (1, 2, 4).

If the proposal of Blijenberg (4) is followed, i. e. if bilirubi-
nometers are calibrated with a pool of neonatal sera, for
which a reference method value has been determined,
the accuracy of the results is improved (1, 2). For most la-
boratories, however, this procedure is not practicable,
since only capillary blood is often used for analysis, and
even with venous samples, the collection of ,residues”
presents many problems (e. g. homogeneity of the pool,
sufficiently high bilirubin concentrations). On the other
hand, a pool of adult sera supplemented with added bili-
rubin is relatively easy to prepare.

Fig. 1 shows the results for 30 supplemented adult sera,
while Fig. 2 shows the results for 80 neonatal sera. All
samples were measured with the reference method, and
in bilirubinometer No. 1. The difference between the bili-
rubinometer value and the reference method value (y-
axis) is plotted against the reference method concentra-
tion (x-axis).

For adult sera, the regression functions for the x- and
y-values determined in this way are (Fig. 1): y = 6.736
+ 0.0837x - 0.000524x%. For neonatal sera (Fig. 2),
y = 24.932 + 0.359x — 0.0011x2

In the concentration range 150—350 umol/l, the graphs of
the regression functions are almost identical, showing a
difference of less than 5 umol/l.

As early as 1972, Hertz and Dybkaer showed that the ab-
sorbance curves of unconjugated bilirubin in supplemen-
ted adult and neonatal sera were practically identical, if
the samples were diluted with borate buffer (pH 9.3) (9).
The present data (Figs. 1 and 2) show that aduit sera
supplemented with bilirubin have similar properties to
neonatal sera when analysed in the bilirubinometer. Ca-
rotenoids, which are often quoted as an interfering factor
(10—13), generally have little effect, even in adult sera (9).

According to Henry (14), the concentration of carotenoids
in healthy fasting serum is only 2—3 umol/l.

Adult sera from jaundiced patients, however, show a dif-
ferent type of spectral absorbance (4, 9, 15). In contrast to
neonatal sera, adult sera with bilirubin concentrations
greater than 150 umol/l always contain bilirubin glucuro-
nide, and under certain circumstances also &-bilirubin.
The spectral properties of these latter two fractions, ge-
nerally known as ,direct” bilirubin, differ from those of
the ,indirect” bilirubin of neonatal serum. In methods in-
volving the.reaction of bilirubin with a diazonium salt
prior to the spectrophotometric measurement, these dif-
ferences have little or no effect. In direct spectrophoto-
metric methods, however, they can lead to rather large er-
rors.

Our analytical results show that the bilirubinometer may
be calibrated not only with a pool of neonatal sera, but
also with a pool of non-icteric adult sera supplemented
with added bilirubin, provided its bilirubin concentration
is determined with a reference method. It should there-
fore be possible to prepare a lyophilized standard contai-
ning adult serum as the protein matrix, which is suitable
for the calibration of bilirubinometers. To test whether

Fig. 2: Bilirubin concentration of 80 60
neonatal sera

y-axis: Difference between bilirubino-

meter values and reference method 40
values

x-axis: Reference method values

Residuals [umol/]
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Fig. 3: Calibration curves of 5 bilirubi- 7%

nometers

y-axis: Difference between bilirubino-
meter values and reference method
values

x-axis: Reference method values
Bilirubinometers: 1 B—3& 2 ¢—¢
30— 400 58—

.
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Fig. 4: Measurement of 7 pool sera at
455/575 nm with light beams of diffe-
rent band widths.

(1nm [B—03)], 10 nm [2 &—€¢) und
20 nm [O—0))

y-axis: Difference- between the theo-
retically calculated and the measured
absorbance

x-axis: Bilirubin concentration of the
samples
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this principle is generally applicable, five bilirubinome-

.ters were calibrated with an identical pool of neonatal

sera, containing 228 umol/l bilirubin (reference method
value).

In the five apparatuses, a pool of 10 adult sera containing
220 pumol/l bilirubin gave values between 210 and 227
pmol/l (average 219 umol/l). A pool containing 240 umol/l
bilirubin gave values between 228 and 242 umol/l (aver-
age 236 umol/l).

These differences between the results from different ma-
chines may also be due partly to variations in the internal
diameter of the capillaries. The manufacturer quotes the
internal diameter as 112—1.17 mm, i. e. a tolerance of *+
2.2%. Our own measurements of 40 capillaries gave an
average internal diameter of 1126 mm with a scatter of
+ 1.04% (2 standard deviations), i. e. for a bilirubin con-
centration of 240 umol/l, the maximal difference (+ 2s) is
about 5 umol/l.

The uneven curvature of the capillaries can have an even
greater influence on the results.

In the present investigation, 300 filled capillaries in 5 bili-
rubinometers were turned through 360°. The average dif-
ference between the largest and smallest recorded value
was 6.3 umol/l for an average bilirubin concentration per
sample of 265 umol/l. The greatest difference was 15

L) L] L]
200 300 400 500

Bilirubin (reference method) [umol/]
umol/l, the smallest.2 umol/l. No significant differences
were found between the different bilirubinometers.

Figs. 1 and 2 show a non-linear relationship between the
reference method values and the bilirubinometer results.

From Fig. 3 it is clear that this is not a problem of one
particular machine, and that none of the investigated bili-
rubinometers produced a linear calibration.

Three of the apparatuses produced slightly parabolic cali-
bration curves. The degree of curvature of the various ca-
libration lines differed, sometimes markedly, from ma-
chine to machine. (The results in Figs. 1 and 2 were obtai-
ned with the bilirubinometer showing the most strongly
curved calibration lines). In just one inexplicable case,
the calibration curve was totally different for bilirubin
concentrations above 280 umol/l.

For the other apparatuses, the curvature of the calibra-
tion lines could be largely explained by the laws of spec-
trophotometry: the Bougouet-Lambert-Beer law, which
describes the linear relationship between absorbance
and concentration, is only valid for dilute solutions and
monochromatic light.

Figure 4 shows the results of analysing adult pool sera
containing bilirubin concentrations between 100 and 400
umal/l, by measuring absorbance at 455 and 575 nm

Lab.med. 15: 13 (1991) 13
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with light beams of different band widths. In order to
show the small deviation from linearity, the absorbance
(As,) of the 200 umol/l sample (Cs) was chosen as the re-
ference value. The theoretical absorbance of 6 other
samples of different concentrations can then be calcula-
ted with the aid of the formula:
= -? x C;, where i = 100 umol/l —-- 400 umol/l

St
The difference between the theoretically calculated and
the measured absorbance was then plotted against con-
centration. Even with a highly monochromatic light beam
(1 nm band width), the photometer does not show a li-
near relationship between absorbance and concentra-
tion. If the sample containing 200 wmol/l is used as the
standard, then the recorded value for the sample contain-
ing 100 umol/l is 7 umol/l too high, and the value for the
sample containing 400 umol/l is 9 umol/l too low. The ab-
sorbance of this latter sample is AA = Agss — Agys =
2.190.

As expected, the non-linearity of the absorbance/concen-
tration curve increases when the light beam becomes
less monochromatic (16). At 10 nm band width the value
for the sample containing 400 wmol/l is 17 pmol/l too
low, and at 20 nm band width it is 22 umol/l too low.

The manufacturers give the half band width of the filters
used in the bilirubinometer as < 20 nm, so that a corre-
sponding non-linearity must be expected.

In the spectrophotometric measurements a cuvette of
light path 0.9 mm was used, whereas the internal diame-
ter of the bilirubin capillaries was about 112 mm. How-
ever, the light paths of the cuvette and the capillary can-
not be compared directly, because the ,effective” light
path of the capillary is dependent on the width of the
light beam. Only exactly in the centre of a round cuvette
is the light path the same as the internal diameter; fur-
ther to the sides, the light path becomes shorter. The
width of the light beam in the bilirubinometer is deter-
mined by a slit in the capillary housing. This varies be-
tween 0.4 and 0.55 mm, depending on the particular ma-
chine, giving an ,effective” light path between 1.05 and
1.07 mm. Absorbances in the bilirubinometer are there-
fore about 15% greater than those in the photometer,
which leads to a rather higher degree of non-linearity.

Detailed investigations of the linearity of bilirubinome-
ters have so far been published only for the American-
Optical-Bilirubinometer No. 10200 (17). The single model
investigated showed a non-linearity similar-to that of four
of our machines. From spectrophotometric theory alone,
a curved calibration line can be expected, so that the ana-

Table 1: Influence of the-calibrator concentration on the accu-
racy of bilirubinometer results

Calibrator concentration

220 umol/l 250 umol/l 280 umol/I 340 umol/l
Serum Calcula- Differ-  Calcula- Differ-  Calcula- Differ-  Calcula- Differ-
concentra-  tedconc. ence  tedconc. ence.  tedconc. ence ted conc. ence
tion (umol/l) (umol/l) (umol/l) (umol/l) (umol/l) (umol/l) (umol/l) (umol/l) (umol/l)
120 125 +5 129 +9 132 +12 135 +15
160 168 +8 174 +14 177 +17 182 +22
200 203 +3 210 +10 214 +14 220 +20
240 235 -5 243 +3 247 +7 254 +14
280 266 —-14 ' 276 -4 280 0 288 +8
320 298 -22 308 -12 . 314 -6 323 +3
360 330 -30 341 -19 347 -17 357 -3
400 359 -41 372 -28 378 -22 389 -—=11
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Iytical range of 0-500 umol/l quoted by the manufacturer
is hardly realistic.

With curved calibration lines, and calibration with a
single standard, correct results can be obtained only in a
limited analytical range. Sera with bilirubin concentra-
tions near to the calibrator concentration naturally show
the smallest deviations from the true value. Recorded va-
lues will be too low or too high, depending on whether
the true concentration is respectively higher or lower
than that of the calibrator. Four of our apparatuses sho-
wed in principle the same type of curve. From these four
curves an average calibration curve was calculated,
which was used for the calculations shown in Table 1.

The data show that with a calibrator concentration of 340
pmol/l, the recorded values for samples with bilirubin
concentrations < 240 umol/l are at least 15 umol/l too
high. On the other hand, with a calibrator concentration
of 220 umol/l, the values for samples containing > 280
wmol/l are more than 15 umol/l too low.

Thus, according to the Table, the best compromise
seems to be a calibrator concentration of 250 umol/l. It is
then possible to determine concentrations up to 320
pmol/l with sufficient accuracy (i. e. systematic variation
< + 15 umol/l [~ * 1mg/dl]).

Since the introduction of phototherapy, exchange trans-
fusion for the treatment of neonatal jaundice is perfor-
med far less frequently. Nowadays, bilirubin concentra-
tions of 340 umol/l or more are seldom encountered, and
the decision limit for phototherapy for most normal-
weight newborns is placed at 220—270 umol/i (18). In this
concentration range, measurements should be as accu-
rate as possible. It therefore seems expedient to calibrate

‘the bilirubinometer with a standard containing about 250

pmol/l bilirubin.

If there are indications that the calibration curve of an in-
dividual apparatus differs from the ,normal” calibration
curve described here (see apparatus No. 5 in Fig. 3), then
this is easily tested with the described dilution series. Be-
cause of the matrix dependency of the bilirubinometer
results, however, the dilution must not be performed with
physiological saline or similar diluents, but only with a
(practically) bilirubin-free serum pool.
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