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SUMZMARY R RS P AP T

A method for quantztatwe gas cbromatographxc deternunatzon of plasma hplds (free
chnlesterol, eho!estezyl esters and triglycerides) in the low concentration range is described.
This method ‘permits a determination of not only the hpld classes mentioned ahove. but
-also their f:actzons aecordmg to niolecular wexght down to 10 ng, _wmhout previous deri-
Natization: Special attention was deveted to the preparaﬁon of columns with high efficiency
and:minimal losses of the test substances. The hest results were obtained with a glass column
0.5 m X 2.0mm LD, packed with 1% OV-1:-on Gas-Chrom.Q (100—120 mesh), The process-
ing of results is fully automated, using an MDS-2400 computer and includes the calculation
of a non-linear calibration plot for each substance analyzed, accuracy control of the mea-
sured values, tabulation of the f,,, values and the calculation for analyses of biological
samples, For the calibration, the pure substances were used at 15 concentrations within a
range: of :10—1000 .ng.' The coefficient of variation calculated from 20 duplicate measure-
menie: of .the calibration mixture did not exceed- 5% for any component in the interval
) fmm 10to 100 ngor 3% mthm range from 100.to 1000 ng.,_, ey

INTRODUCTION

Dlrect gas chromatog‘:aph:c (GC) analysxs of plasma hplds was first de-

, scnbed by Kuksis et al.- [1} more than fen years ago. Since then, great advances
have been ‘made not only; in*the equipment, but also in the field of computing
techmquer -In- 1975 .it ‘was- again -Kuksis: et al."[2] who published-their ex-
- periences -with: -fuily  automated -GC :estimation ‘of ‘the plasma-lipid profile. In
the development of GC equlpment supports and stationary phases, as well as
in the quallty of standards ‘great progress has been made dunng the last decade.

*To whom eozrespondence should be addressed at the followmg address: 4th Medxcel Clinic,
A G:a:les Umvemty U nemacnice 2, 12808 Prague 2, Czechoslovakia.
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At present, the detection limit of high-molecular substances, such as lipids, is
lower than 50 ng. However, quantitative analysis of such low.concentrations is
not carried out as a routine procedure. The main reason is the non-linear weight
correction fzctor (f,, ) vs. concentration plot for the substancés analyzed [3],
which was observed e.g. by Bezard and Bugaut [4, 5], even at higher con-
centrations. In a higher concentration range (of the order of thousands of ng), the
fw value is independent of the amount of lipid analyzed [6] ; the concentration
limit depends on the quality of the column and on the whole chromatographic
system. With biological samples, the determination of much lower concentra-
tions is necessary. This paper describes a computerized, fully automated pro-
cedure for the GC determination of neutral lipids down to 10 ng of each com-
ponent. The sample preparation, accuracy and precision of the analysxs of
bnologlcal samples will be the object of the followmg communications.

MATERIALS

Triglycerides with carbon numbers 48, 50, 52, 54 and 60, purity 99%
(tripalmitin, rac-glvceryl-1,3-paimitate-2-stearate, rac-glyceryl-1,3-stearate-2-
palmitate, tristearin and triarachidin) were obtained from Supelco (Bellefonte,
Pa., US.A.) and Sigma (St. Louis, Mo., U.S.A.), respectively. Cholesteryl
esters with carbon numbers 31, 41, 43, 45 and 47 (cholesteryl butyrate, cho-
lesteryl myristate, cholesteryl palmitate, cholesteryl stearate and cholesteryl
arachidate) and free cholesterol were obtained from Applied Science Labs.
(State College, Pa., U.8.A.). The OV-1 stationary phase and the Gas:Chrom
Q support (100120 mesh), were also supplied by Applied Science Labs.
Isooctane (analytical grade) was provided by International Enzymes (Windsor,
Great Britain). Chloroform, methanol, acetone and toluene, all analytical
grade, were obtained from Lachema (Brno, Czechoslovakia). Helium of 99.99%
purity was supplied by Messer (Griesheim, G.F.R.) and tnmethylchlorosﬂan
was prov1ded by Merck (Darmstadt, G.F.R.). :

Apparatus and operating conditions . ' oL

All analyses were performed on a Perkm-Elmer F 30 gas chromatograph
(Norwalk, Conn., U.S.A)) equipped with a dual column system with flame-
ionization detection. Samples weré injected by means of a Perkin-Eimer PS
4950 liquid autosampler into a 1/4 in. glass-lined injector thermostated to 300°.
" Oven temperature was programmed as follows: initial temperature 180°,
programme rate 5°/min, final temperature 350°, detector temperature 350°.
Helium flow-rate was 100 ml/min. The gas chromatograph was combined with
a Perkin-Elmer Model 56 recorder, a Perkin-Elmer M-2 calculating-integrator
and a Teletype 33 ASR-FR (Teleprint, Frankfurt, G.F.R.) equipped with
paper-tape puncher -and reader. Data were processed by ‘a’ computer MDS-
2400 (32 K Byte core, 2 magneuc tape umts lme pnnter paper-tape reader)
msmg a special ptogramme. - : )
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METHODS

Preparation of the column :

<A glass column 0.5 m X 2.0 mm. I.D was~ rmsed with 150-ml volumes of
chloroform, methanol and acetone and dried. Then the column was filled with
a 10% solution of trimethylchlorosilane in anhydrous toluene, allowed to
stand for 10 min and rinsed with toluene. The column was then treated for 5
min with methanol and rinsed with the same solvent to the neutral reaction.
After drying in an oven, the column was packed immediately with 1% OV-1 on
Gas-Chrom 'Q (100120 mesh), using thé combined effect of suction and
vibration. The packing was prepared by the evaporation technique and pre-
stabilized in a stream of helium, initially at a femperature programme 80—
850°, 1° /min, then for 3 'h at 350° After testing the separation ability (by
means of a standard mixture of triglycerides and cholesteryl esters), the column
was further stabilized by 5 injections of 10,000-ng amounts of triolein. The
reproducibility of the recovery was then checked by 5 analyses of the calibra-
tion mixture containing equal amounts of all substances analyzed (500 ng in
2 ul of injected sample). The respective f,, values calculated from these analyses
did not exceed a 2% interval.

Calibration of the column

.The column was calibrated by a mixture of equal amounts of cholesterol,
cholesteryl esters w1th 41, 43, 45 and 47 carbon atoms and triglycerides with
carbon numbers 48, 50, 52, 54 and 60. The calibration mixture was prepared
from stock solutlons containing 1 mg/ml of individual substances in a mixture
lsooctane—chloroform 80:20 (v/v). After drying, the mixture was dissolved in
the mtemal standard solution (cholesteryl butyrate 200 ngful) and diluted
standards were prepared according to Table I. All solutions were injected in
duplicate by means of the PS-4950 autosampler; the volume of the injected

samples was 2 ul.

Mathematical processing of the calibration curve

The f., plot vs. the amounts of the individual components serves as a basis
for mathematical processing of the calibration curves, with special considera-
tion of the analytical use in the non-linear region of this plot. As the plot of
fw vs. the amount of the test substance is convex, a multilinear approximation
of n—1 linear sections was used in order to simplify the problem of the calibra-
tion cwrve (n = 15, i.e. 14 sections). In Practice, the scatter of the mezgsured
values may cause oscillations of the calibration curve. To solve this problem
the values measured were replaced mathematically by another set of values
which meets the condition of a minimum scatter between these two sets, to-
gether with that of the convex character of the calculated plot. The [, values
were calculated from eqn. 1 [3].

weight (%)
fo=——"-+-"" . 1)

axea (%)
The fyr values can be calculated from the formula
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fw ' . ' »
- | (@)

Twr=

fwss

where f,z is the welght correction factor for the mtemal standard. From eqn.
1 and 2 we get the formula for calculatlon of fw,. values for mdmdual com—
ponents o
where fum, m; and A; are the welght correctlon factor, the welght and the peak
area for component i, respectively. Analogously, mg and. As are the- welght
and the peak area for the internal standard. -

Indicating the measured peak areas as x; and the con:espondmg calculated
fwr values as y;, the problem .can be formulated as follows: for the set of
points y;, a corresponding set of points ¥'; should be found under the following
conditions: The value. of the expression z = (y; — ¥ )2 is nnnunal and the
system is descnbed by n—2 inequalities , - - S
Yi+1—Y¥i Yir2 — Y+l

<
Xi+l1™ Xi Xi+2 —Xi+1

fwn‘

By meeting these conditions, the convex shape of the calculated plot is ensured.
From the mathematical point of view, it is necessary to find the extreme of a
function, under certain limitations. In this case the minimum quadratic function
with n vanables should be found with simultaneous validity of n—2 linear
limitations. In practice, the problem can be solved by application of the saddle
point theorem proved in 1951 by Kuhn and Tucker [7]. A modified algorithm

TABLE1
PREPARATION OF DILUTED STANDARDS -

Sample No. Injected amount (ng)

1000
760 -
578
439

. 334
254
© 193
146
111

DRI BN M
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of the s1mplex hnear-programmmg method, described first by Wolfe [8], was
used. |
 The programme output is in the form of a magnetxc tape conta.lmng ‘the
‘coordinates of the optimized points-and the slopes of their connecting lines,
as well as a printed table which renders possible the ‘control of the seatter of
the measured points. The output further contains a table of the f,, values for
all the substances analyzed, wluch penmts a check of the plot of fur vs. the
peak area (or alternatively peak height) and manual calculation if necessary.
For triglycerides with carbon number of 56 and 58, the computerized
calibration based on the linear mﬁerpolatlon of fur values between C-54 ana C-
60 is performed. . ‘

Evaluation of the analyses of bmlogtcal samples
For the quantitative analyses of biological mples, an mtemal standard
method was used. For calculation of the results a specral programme was
prepared, based on the following formula _
: 10_4 .Vtm,-s i
mg/dl; = C - furi - Ai; - C= 4)

where C is the constant for each sample analyzed, V; (ul) is the volume of
internal standard solution, which was used for dissolving the sample before
analysis, Vp (ml) is the corresponding volume of plasma, V, (u1) is the volume
of injected sample and my (ng) is the amount of intemal standard in the in-
jected sample.

RESULTS AND DISCUSSION

As observed by other authors, the f,, value depends on the amount and
molecular weight of the substance analyzed [2, 5, 9]. However, different f;,
values have been published for the same substances [4, 10] obtained under
comparable conditions, but with different columns and apparatus. According
to our present knowledge, a loss of the substances separated is caused by py-
rolytic decomposition and irreversible sorption. It is also known that under
strictly constant conditions, f,, values are highly reproducible [2]. From the
chromatographic aspect, the f,, value increases with increased loading with
stationary phase and with increased column ‘length [3, 11]. The percentage
of loading with stationary phase also influences the. efficiency of the column.
It is known  from the literature, that' columns -with a higher percentage of
loading need a longer time for stabilization.than those with a lower one. A
similar ‘effect is. also exerted by -the column length. With such :columns, re-
latively. high f,, values are reached even after stabilization. For preparation of
the column with the highest recovery of the test substances, lower loading with
the stationary phase:is necessary. The support: should he highly inert. Chromo-
sorb W :HP, Chromosorb 750, Gas-Chrom Q and 3upelcoport coated with 1—
3% OV-1 or JXR were tested. Best results were obugined with glass column 0.5
m.X:2.0. mm ID., packed with 1%:OV-1 on Gas-Chrom Q (100—120 mesh).
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TABLE I . b e N ‘_'-f—::_v R -';':.-"_‘;7.'-.-‘;:-;..,

REPRODUCIBILITY OF THE GC DETERB&INATION OF THE STANDARD MIXTURE

Each value repreeentz average of th:eeanaryses,zpl of the standard msxtureeonﬁammg 100
nglylofeacheomponentwe:exmected - SR K T T

Compoundl)aytodayvanatlous After200 Aftereoo Tl

ot eday MRS iy

aumber- ] .
27 01 1987 2015 :.}.- 2187 L
41 ) 204.0 186.8 " 203.0 208.7 ]
43 203.9 196.5 203.3 . 206.9 .
45 203.4 197.6 202.6 . 209.0
47 202.9 195.9 1985 - - 2189 0 i
43 -7 12018 © - 199.7:--.:2009 - 2102 .
50 - 2009 . 1989 - 1979 - = 2137 .
52 200.2 1995 201.9 .2165..
54 200.7 201.2 2048 216.8 o
60 202.5 201.5 .::-205.9 ° 223.2
forr fwr
3~\ 3k \

_\ : ‘4\
2'-\.\\: R P S ) 2‘.\\ . \\ S EETC =
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Fig. 1. The plot Of fir V5. 2mount of the substance analyzed, for main components of the
lipid profile. 27 = Ftee cholesteroi; 45 =.cholesteryl stearate; 52 = 1'3-stearate-2-palmitate.

Fxg. 2. 'me plot of fw,. vs. amount of the substance analyzed fot tnglycendes thh dxfferent
molecular wexghts. 48 Tnpdmxtur 54 tristearin; 60 = trmachxdm. tl

The ef_ﬁclency of the column, exptesed as A 043_54 [3] was sufficxent The
column needed a relatively short time for stabilization.. .- =

. The reproducibility. of the - calibration data: plays . an: unportant tole in. the
Ilpld: analysis ‘when measured in the region: where: f,;, is: indepehdent of:the
amount .of substance analyzed. This.requirement: is ‘much more: important in
the non-linear - region. : The ‘repeatability of: the ‘calibration data:with- time
should:also be checked as:an:important-criterion of-the reproducibility:‘Fable
11 shows the: results. for ‘repeated -analyses of-the calibration mixture'(200 ng
of each component) obtained: with:the: column mentioned: above.-Smﬂarly,
the .reproducibility. -of ‘calibration was . tested: over:the>whole' ‘concentration
range. It was:-confirmed -that ‘the  quantitative lipid analysis’in the: non-linear
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Fig. 3. The plot of fw and AC vs. cerner-gas ﬂow—rate.

1 A B
4g ho ook el R | ) o o 52
) 27" 45
27
31
33 31
L33
- 50
54
f: N . 43
L AL ;
T K - 41 38
180 200 225 350 275 aoo 325 3so-c _;E :_" 1; iaozoo 225 :250 275 300 325 350°C

Fig. 4. Gas chromatograms ot" (A) normal and (B) hypa'hpldenuc plasma neuttal lipid.
27 = Free:cholesterol; 31 = cholesteryl butyrate (internsl standard); 33 = cholesteryl ben-
Zzoate (standard for laboraﬁory control); 41—47 = cholesteryl esters; 48—58 triglycerides;
sample ml:ume - 2 _ul: solvent = iscoctane—chloroform (80 20, v/v); sensitivity = 1/64;

chart speed 5 mm/mm other analytxcal condxtxons are given m the {;exf:

range of- fw values is sufﬁcxenﬂy preclse. The method descnbed differs from
that of the mtemal standard in that the f,, value is obtained from the f,, vs.
peak-area" calibration’ plot for the test substance. Flgs. 1 and 2 shows these
cahbratlon plots for some individual substances. - . -

As shown:in Figs. 1 and 2, the higher the molecular welght of the sub-
stance, the more. curved is .the ecalibration- plot. Furthermore, the parameters
discussed -previously, i.e.. the’ ‘quality of the column'and. the operating con-
. ditions also influence the shape of the cahbraupn plot. It is known that the
“-shapeof the plot of f, vs. the carrier gas flow-rate is the reverse of that for the
. separation ‘ability vs. the flow-rate [3]. In our mvestlgatlon, these conclusions

were confirmed. Flg 3 shows the optumzatxon of the carrier- gas ﬂow—rate for

 the column described.
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TABLE IV
CALIBRATION OF THE COLUMN No. 33

vDate. 11-11-77. N

Area* furz7  forer [wrdd  Forts  forer fwug fuwrso  Furs2 rfmsc' fursg  fuss Tueo

0.5 1.872 1404 1454 1,587 1733 2.267 2.552- 3.067 4.261 4.295 - 5.515 12,018
3.07 1,749 - 1364 1.408 1.522 1.648 2.081 < 2.305° '2.687 3.143 3.826 4.699 6.373
S35 ~1.608- 1.324 1362 . 1456 1.564 - 1.896 - 2.057 2355 2742 3.356 3884 5.205

2.0 1476 1.284 1316 1391 1479 1.767 1.945 2.219 2.520 2887 3.526 4.649

2.5 1381 1.244 1.270 -1.333 - 1416 1.722 1.867 2.083 2.297 2.734 3.275 4.151
-3.0 . 1344 1.221 1.247 1307 1384 - 1677 1.790 1964 2207 2595 3.094 3.888

3.5 13066 1.202 1.229 1.281 1352 1.632 1.742 1913 2116 2,505 2929 3.625

40 1263 1.185 1.212 1.255 1.320 1.601 1.715 1.862 2.060 2415 2.833 3499

45 1.231 1165 1195 1.229 1.292 1570 1.688 1.828 2012 2343 2.737 3.374

50 1.210 1148 1.182 1.218 1.281 1545 1.664 1.795 1965 2.281 2.666 3.249

55  1.194 . 1.142 1.175- 1.211 -1.270 1.530 - 1.640 1.762 1.929 2.220 2.612 3.124

6.0 -1.177 1.135 1.169 1.204 1.259 1.515 1.616 1.739 1.896 2.166 2.558 3.044

6.5 1.162 1.128 1.163 1.197 1.249 1500 1598 1.722 1.863 2.143 2.504 2976

7.0 1153 --1121 1158 1190 1.238 1489 1584 1.706 1830 2120 2450 2908

2440 0946 .0970 0.963 0.969 0977 1.086 1.104 1133 1114 1.161 1.213 1.264 .
244.5 0946 0970 0.963 0.268 0.877 1.086 1.103 1.132 1113 1161 1.212 1.263
2450 0946 0970 0963 0968 0977 1.085 1.103 1.182 1.113 1.160 1211 1.262
245.5 0946 0970 0.963 0.968 0976 1.085 1.102 1.131 1.112 1.159 1.210 1.261
246.0 0946 0970 0962 0968 0.976 1.084 1,102 1.131 13111 1158  1.209 1.260
246.5 0946 0970 0962 0.967 0976 1.084 1.10f 1.130 1110 1.157 1.208 1.259
2470 0946 0970 0.962 0.967 0.975 1.083 1.100 1.129 1110 1157 1.207 1.258
247.5 0.946 0.969 0.962 0.967 0.975 1.082 1.100 1.129 1.109 1.156 1.206 1.257
2480 0946 0.969 0.962 0.966 0.975 1.082 1099 1128 1.108 - 1155 1.205 1.256
2485 0946 03869 0961 0.966 0975 1.081 1099 1.128 1.107 1.154 1.204 1.255
2490 0946 0.969 0961 . 0966 0974 1.08FT 1098 1.127 1107 1.153 1203 1.254
249.5° 0.946 0.969 0.961  0.966 0.974 1.080 1093 1.127 1.106 1.152 1.203 1.253
250.0 0246 0969 0961 0965 -0.974 1.080 1.097 1.126 1.105 1.152 1.202 1.252

*Integrator output divided by 5000.

We chose computerized processing of the calibration data, because manual
processing is very laborious and lacking in precision. The basic mathematieal
assumptions have been discussed above. In this way, 500 f,, values were ob-
tained as a function of the peak area of the fest substance. The programme
permits two versions of data processing. As confirmed by Gold and Mathew
[6], both the peak heights and their areas can be used for the quantitative
analysis of lipids. The f3, vs. peak height plot is very similar to that of f,, vs.
peak area. As mentioned above, mathematical processing permits the control
of the accuracy of the calibration data, using aspecial optimization programme.

Table III shows an example of computerized calibration data for one com-
pound; from this table the differences between the measured and optimized
values and also between duplicate analyses of the same sample and the slopes
of the individual linear regions are apparent. This method of data processing
permits rapid control of the calibration accuracy. The difference between
duplicate measurements of the same sample should not exceed 5% in relation
to the mean f, value for each component. Analogously, this type of computer
output serves as a rapid check of recalibration. As can be seen from Table II,
- the interval of recalibration is longer than 200 analyses. In practice, when the
-chromatograph is used dally, it represents a time interval of about 1—2 months.
The calibration proper is automatic and takes 32 L. The calibration data are
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recorded on a magnetic tape and used throughout the period of calibration
validity for the evaluation of biological samples. The calibration: is. repeated"
if any of the substances display a deviation of fi, values greater than 5% in
any part of the plot. The problem of cahbratlon stabmty will be dlscuseed m
the following part of this paper.

During the column life, the fw,. values decrease in the lower conoentrahon
range, especially in the case of- triglycérides with higher molecular weight.
These changes are smaller when the column is properly stabilized. Table IV
iltustrates part of the output of tabulated f,,, data in relation to the peak area;
similar data were obtained for peak heights. Table V shows an example of the
calculation for a biological sample. Gas chromatograms of normal and hyper-
lipidemic plasma neutral hpld are given in Fig. 4.

The proposed method permits on-line as well as off-lme couphng with a
computer. From economic aspects, the off-line coupling is more effective; it
employs a conversion programme, using punched or magnetlc tapes contaihing
the input data in the ASC 11 code.

- The method also permits the inclusion in the computerized programme
of some additional parameters suitable for clinical purposes (e.g. various sums
or ratios of measured values).

TABLE V

CALCULATION OF THE LIPID PROFILE

Analysis No. 999/0/0/8; Date: 8-11-77. V; (ul) = 1000; V,, (ml) = 0.2000; V, (x1) = 2.0;
my (ng) = 400.00; A;* = 48.6: all have the same meaning as in eqn. 4.

Lipid Carbon No.  Area* for meg/dl Chol (mg)**
Cholesterol 27 26.2 1.009 54.39 . :
Cholesteryl 41 0.6 1.396 1.72 1.11
aesters 43 12.8 1.115 - - 29.37 18.19

45 2.0 1.067 136.12 80.96

47 6.5 1.249 16.70 9.59
Total . : :
cholesteryl 183.91 109.85
esters o
Total ) ) ) ) )
cholesterol S o , 164.24
Triglycerides 48 0.8 2156 3.55

50 4.1 1.709 ‘14,42

52 - 171 1.538 - -54.11 -

54 51 - 1.956 20.583 -

56 0.3 4483 277

58

60
Total ] oo N
tnglycendes 7 o - 9538 ..

: *Integrator output divided by 5000. :
**Content of cholesterol in individual ester ﬁ:act:ons.
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