
‘k&l _- -. I-lo&&s of the test subs&nces. The best results-were-obtabze&with a gkss column 
O+.m x,@X~ e., packed *e 1% QV-icon Gas-Chro~-Q (100-120 mesh). The p_mcess- 
ing of results is fully automated, using an MD~2400. computer. and iqcludes t@e calculation 
of a non-Iinesr es&ration pIot for each ‘k&&an&e k.nsl~z&I, acckra& control of the mea- 
sured values, tahuIation of the f,, values and the c$cuIati~n for arudy- of bioIqgicsI 
samples. For the calibration, the pure substances vkre’tikd at’ 15‘kon&entr&ions within a 
range: of .ltilOOO .ng: The-Ycoefficient- of variation c&&ted from 20 dupIicatexxwa&e- 
.xnents, df -the txtEbratio= -xnistu+. did uqt excee&,5%, .for any component in the Inter& 
_$r&qlO ~~i0~~~,~r'3%~~~~efrom_l00.to1O~O~. . . -:: .; .. . . : - _ ._ 

::.- _ ~.’ : I .._-. Z.‘... -_ ._ . 
~~~~~~.E. _ -< . ‘. 
-_. 

.;;. :-: .-~ . ‘. .- - . : 

.i. “.::_.. .~. ~.._. ,_ . . . :. i. _ =. :. . .__- 

-:. T :Dkect .gas _ ch.ro~+tag~~hic :.(GC) andysk of : plasma : lipids was .- first. de_ 
scrip. .by$GGsis et al.--[a$-mor& -than ten years ago. Since the& great advances 
have. been :-de utit : onlyi in’%he:eQuipme.ut, but--&o id-thkfield 6f ‘timputiug 
~~q~.l;~;~r.-L975:..it :.v&-again--Euk&.:et al;.-E2] kho published-their ex- 
petieces ~,ti@;~y~-au@,~M .GCzst&ation : of.r$he plasma-lipid p&il&. in 
the development of GC kquipment,- supports and stati~nar$~~phases,- as well- as 
iu the quality of standards, &reat progress has been made during the last decade_, 

*To .x&am &responder& shouId be addressed at the following address: 4th Medical CIinic, 
Chades univer&y urkuocni * 2.12808 Prague 2, CzechosIovakia. 



At present, the detection limit of high-molecular substances, such as lipids, is 
lower than 50 ng. However, quantitative analysis of su@r lowxoncentrations is 
not carried out as a routine procedure. The main reason is$enon-linearweight 
correction factor .(fu,)‘vs. concentration plot for- the subistanc~ &aly&d”i3] , 
which was observed e.g. by Bezard and Bugaut 14, 51, even at higher con- 
centration~. In a higher concentration range (of the order of thousands of ng), the 
fw value is independent of the amount of lipid analyzed [S] ; the concentration 
limit depends on the quality of the column and on the whole chromat@$aphic 
system. With biological samples, the determmation of much lower concen&ra- 
tions is necessary. This paper describes’s computeriaed, fully aul#n&d,pro- 
cedure for the GC determination of neutral lipids down to 10 ng bf each dom- 
ponent. The sample preparation, accuracy and precision of the analysis of 
biological samples will be the object of the following communicatioris: 

IaATE- 

Triglycerides with carbon numbers .48, 50, 52, 54 and: 60, purity 99% 
(tripabnitin, rac~yceryl-l.3-p~~~-2_ste~~, rac-glyceryl-1,3-stearate-2- 
pahnitate, tristearin and triarachidin) were obtained from Sup&o (Behefonte, 
Pa., U.S.A.) and Sigma (St. Louis, MO., U.S.A.), respectively. Cboles~r$ 
esters with carbon numbers 31,41,43,45 and 47 (cholesteryl butyrate, cho- 
lesteryl myristate, cbolesteryl paImitate, cbolesteryl stearate and cholesteryl 
arachidate) and free cholesterol were obtained from Applied Science Labs. 
(State College, Pa., U.S.A.). The OV-1 stationary phase and the Gas;Ch%om 
& support (100-120 mesh), were also supplied by Apphed Science Labs. 
Isooct&e (analytical grade) was provided by International Enzymes (Windsor, 
Great Britain). Chloroform, methanol, ketone and toluene; aB analytical 
grade, were obtained from Lachema (Bmo, Czechoslovakia). Helium of 99.99% 
purity was supplied by Messer (Griesheim, G.F.R.) -and trimethylchlorosilan 
was provided by Merck (Darmstadt, G.F.R.). 

_: 
. 

Appa&s and operating ,cqndifio& . . 
Al. analyses were performed on a Perkin-Ehner -F 30 gas chromatograpb 

(Norwalk, Corm., -U.S.A.) equipped with a dual column system -with flame- 
ionization detection. Samples were injected by mea.& of a Perkin-Ehner PS 
4950 liquid autosampler into a l/4 in. glass-lined injector thermostated to 300”. 
Oven temperature was programmed as follows: initial temperature X80”, 
programme rate 5”/min, final temperature 350”, detector temperature 350°. 
Helium flow-rate was 100 ml/min. The gas chromatograph was combined+th 
a Perkin-Elmer Model 56 recorder, a Perkin-Elmer M-2 calculating~int+rator 
and a .Teletype 33 ASR-FR- (Teleprint, Fmnkfu&;:. G.F.R.) equipped with 
paper-tape puncher and reader. Data wore processed by- a’ computer MDS- 
2400 (32 K Byte core; 2 magnetic tape units; line print&paper-tape reader) 
usingaspecialprogramme. 

_. __. 
_. 

:.;.. 
.‘I : _- -: I 
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METHODS 

. . A glass .column. 9.5 m X .2.0 mm ID.- was rinsed with 150~ml volumes of 
chloroform, methanol and &&one end dried. Then the column wasfilled 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 neutial reaction. 
After drying in an oven, the column was packed immediately with 1% OV-1 on 
Gas;Chrom Q -(lOfFliO mesh), using the 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 temperature programme SO- 
350°, 1?/min--then for 3.b at 35OO. After testing the separation ability (by 
means of a staudard mixture of triglycerides and cholesteryl esters), the column 
was further stabilired 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 ah substances analyzed (500 ng in 
2 ~1 of injected sample). The respective fw values calculated from these analyses 
did not exceed a 2% interval. 

Calibration of the column 
The column was calibra@d by a mixture of equal amounts of cholesterol, 

cholesteryl esters with 41,. 43,.45 and 47 carbon atoms and triglycerides with 
carbon. numbers 48,. 50, 52, .g$ and 60. The calibration mixture was prepared 
from stock solutions containing 1’ mg/ml of individual substances in a mixture 
isooc@ne_chloroform SO:20 (v/v)_ After ,drying, the mixture was dissolved in 
the internal standard solution (cholesteryl butyrate 200 ng/pl) and diluted 
standards -were prepared according to Table I. All solutions were injected in 
duplicate by means of the N-4950 autosampler; the volume of the injected 
samples was 2 ~1. 

Mufhematical processing of the calibration curue 

The f, plot vs. the amounts of the individual components serves as a ‘basis 
for mathematical processing of the calibration curves, 6th special considera- 
tion of the analytical use in the non-linear region of this plot. As the plot of 
fw vs. tie amount of the test substance is convex, a multilinear approximation 
of n-l linear sections was used in order to simplify the problem of the calibra- 
tion cnrve (n = 15, i.e. 14 sections). In Practice, the scatterof the measured 
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 fiu values 
were CalcuIated from eqn. 1 [3] _ 

weight (5%) 
fw = 

area (%) (1) 

The fulr values can be calculated &om the formula 
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where fd is the weight correction factor for the ini&ri~al&ax&rdtar;aardl EMti -G$. 
1 and -2 we get-. the. formula for calculation of .fWb v&h& fW individti dam- 
ponents -.- . . .’ .:- 

: 
rniA&. 

-_. _.:- .: 

f 
_.: 

wli = 
mgAi 

-. __ : -- .,:. -- pj . 
._ r : i -_ 7. _. 

wh& fur*, mjand Ai are the weig~~._&rection fac&;~the.weight&&l .;he peak 
area for component i,- respectively. Analogously, _rnk and. A& are the -weight 
and the peak area for the intemai standard. .: 

Indicating the ~+w,+xI peak areas as Xi and the corr&ondin~~cal&iated 
f wr values aS yi* the problem -can be .formulat.ed as .fo.llows: .fqr.,ihe -set of 
~o~~s~~,~c~~QQ&~II~s& of POhlkSy'i .+houldbefou@underthefoyowing 
conditions: Tbe value. of the expression z = (yi - y'i)' .is minimal and .the 
system is described by n-2 inequalities : 

Yi+l-Yi Yi+2 -Yi+l 
< 

Xi+l- 1ci xi+2 -xi+1 

By meeting these conditions, the convex shape of the c&Mated plot is ensured. 
From the mathematical point of view, it is necessary ti:fhid the extreme of a 
function,-under’- IiStations. In this case the minimmn quadratic function 
with n variables sbotid be found tith simulta~@oti validity of n-2 linear 
limitations. In‘ practice, the problem c& he soltied by fipp&&ion of the’saddle 
point theorem proved in 1951 by Kubn and Tucker [1’7]. A n&ified algorithm 

TABLE1 

PREPARATIONOFDILUTEDSIXNDARDS- 

Sample No, In;$ctedamount(ng) 

1 1000 
2 760 
3 578 

4 439 5. 
_ 

334 

3 ...193 254 

9 111. -. 
10 85 
11 64 

.:: : 
, 

12 49 .' ; 

13 28 ..~.._ -.. __ 
14 16 ^ .' :.,_r.--_z 
15 10 

. L_>.'. 
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of the simplex linear-pro gramming method, described fh& by Wolfe 181 i was 
used. me &og.m&e .0&&t & ;m the Yform of a magnetic. tape c&&ing the 

coordinates of the optimized points-and- the slopes of their conkcting Lines, 
as well as a printed table which renders possible the ‘control-of the scatter of 
the measured points. The output further contains~ a table. of the fur_ values for 
all the substances analyzed,. Lwhich. permits a check of the- plot of fw~‘.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 interpolation of fur valu& between C-54 ana C- 
60 is performed. 

Evalucftiun of the analyses of biological sun&s 
For the quantitative analyses of biological samples, au internal standard 

method was used. For calculation of the results, a special programme was 
prepared, based on the followingformula 

IO-4 .V@?z~ 

mg/dli = C - fd - Ai; C= (4) 
VP V,Ak 

where C is the constant for each sample analyzed, V, (~1) 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, (~1) is the volume 
of inject& sample and rnk (ng) is the amount of internal standard in the in- 
jected sample. 

RESULTS AND DISCUSSION 

As observed by other authors, the fw value depends on the amount and 
molecular weight of the substance analyzed 12, 5, 91. However, difkrent~&, 
values have been published for the same substances [4; IO] obtained under 
comparable conditions, but with different colunins and apparatus. According 
to our present $nowledge, a loss of the substances separated is caused by py- 
rolytic decompo&ion and -irreversible --sorption. It is also known that under 
strictly constant conditions, fi, values are highly reproducible 121. From the 
chromatographic aspect, the fw value increases with increased loading with 
stationary -phase and -with increased column length [3, 111. The percentage 
of loading with stationary phase also influences .the. effici&ncy of the- column. 
It- is known - from -the literature, .&at- columns -with a higher percentage of 
loading need a- longer time. for. stabilization. than those with -a lower one. A 
similar.effect is also exert& ,by --the- colt kngth. IWith such ~cohunns, re- 
latively. high: fm values are reach&d evewafter- stabiE&ion. -For preparation. of 
the. column with the-highest recovery of the test substances, lower loading with 
the. stationary phase,is -necessary. The support should be highly. inert. Cbromo- 
sorb--W .I@; Chromosorb ,750, GasChrom~ Q and Supelcoport coated with I- 
3%. OV-1 or.JXR were tested. Best rcssts wereob&ined with @aas column 0.5 
m.-X I 2.0. :mm I.D_, packed with 1% .OYTl on .&s-Chro m Q (lO(kl20 mesh). 
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l?ig_ l_ The p&t of fwr w.maulOunt of.the subseance-d&, for mai5 axnpoue~t~ of-&e 
lipid profile._27 = Free cholestero~;.45.=,choles+y~ steara+i 52 ~~~+tearate-2~~.ta~. _ 

Fig. 2. a& plot hf f,, iSi SkOd of the ~&StaIlC~ timed, 6 tii&&&&s i&h different 
~~~*weigfits_.48=.Tripaknitin;-54_;~60~=din_~ ‘-__:I_ --: : __. . . 

.- ._:- _m : ..:.. ._ r- ; - -. . I _ _ _.: :... 
..; 

column need4 a relatively short time. for stabilization, . ; . . . -;: 
‘. T& reproducibility- of the calibration-.data :plays: an :imporkuklrole4n the 

lipid analysis --when- measured in-the -region: where-f’ is indepehdent:,oE%he 
amount -of su~ce analy@. This zequirement- is -:much more: ini~ortaiit~i$ 
the- lion-linear._re@on. : !I%& T repeatibility of<Ahe .:calibrati& &t&:witi-Aim& 
should : dso be -ch&ked as Z&X : importad: criterion of Ahe. ke#od&ibili~SFable 
11. shoks the results fok ~r&pe&ed :-aqalyses -‘of -$he calibration mi#tu&~(XlU -x@ 
of &h component)_obtainecl(with\:the'r-~olumn'-~eritio'ne'd'.abijve':':S~~~ly; 

the .reproduc&ility. --of.rcalibrafion‘- was:~.~sted3overr.tEie-~o~~:icon~~~~o~~ 

ran%e_ ~~-_l,conflrmed_~~:'the..q~~~~~'rlipi~-.~y~~~ ~~~ri6iii_liiieru. 
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Fig. 4. & chjcomatb~ of: -(A) &r&l a& @j hyperlipidemic p&ma neati lipid. 
27 = Eke~~:ci+&.er~: 31 s &ol&eryl b@yrake (;n_$&nal standard); 33 F choIestery1 hen- 
zoate (stanpard for latimh~;tinko~); 947 7. cl+&eryl esters; 4838 = triglycerides; 
sample vofnme:^=’ Z..fiii k&&t -.T -form (80:20v V/V); knsitivitjr = l/64; 
chart tqwzd. +!5 @.un/min; other analytical co&ions are given in the .&&cm, 

__. ..- : : __ _ 
range of I$& -$&I& - is s&icie&$ ~~&s&. ’ ‘k&e meth6d d@bed differs from 
that of &ti. i@ernal.~ .+ndard in that the fLLl value + obtained -from the fu, vs. 
peak-area- Glibratio~ :.p@&. f6e &6’:&$ M%I%xe. Figs. 1’ and 2 shows these 
calibratibg fil& f&‘&j& &Jjyidud s&&.ances. ' _'. .. .- ; ;, 
As shqwlr?~~~ Figs. 1 and 2, the higher the moleculk weighkof the sub- 

stance, tE;e: MO&,:-curv$ is:the cal&r&ion-plot. Furkherkonzz,, th~~parameters . . -. 
discussed~pr&i&ws&,~.i~e.~ *he .gualiQ~ of ti& c&m&and. the o$&&ing con- 
diti?ns also influence the shape of the cali@ati~n plot. It is known that the 
shapeof the plot of fw vs. the carrier gas~flow-rati is the reverse of that for the 
Sparation ‘abilily vs. the flow-rate 13 1. In our investigation, .these conclusions 
were COI+IXK~. Fig. 3 sho5ys the optimization of the carrier-gas flow-rate for 
tk coltrmndescriti. ‘. 
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.TABLElV _ -, ’ i-: 

CALlBRh'IONOFl%E-COLUMNNo. .- 

iI&: 1111-77. 

Area' flmrr fwru fur43 fad5 frnrd? fulla fm50 hmo f& fmis ftmse f&l?60 

0.5 1.872 ..ltLOd 1.454 1.587 1.733 2.267 2.552. 3.06i 4.261 4.295 5.515. 
'1.0 .1.?40 I;364 1.408 1.522 1.648 2.031 2.305 '2.667 3.143 3.826 4.699 
_1.5 1.606 1.324 1.362 1.456 1.564 1.396 2.057 2356 2-742 3.356 3834 

2.0 1.476 1.2&k 1.316 1.391 1.479 1.767 1.945 92l9 2.520 2887 3.526 
2.5 1.381 -1.244 L2-70 -1.333 1.416 1.722 1.867 2.083 2.297 2.734 3.275 
3.0 1.344 1.221 1.247 1.307 1.384 t.677 1.790 1.964 2.207 2.595 3.094 
3.5 1.306 1.202 1.229 1.281 1.352 1.632 1.742 1.913 2.116 2.505 2.929 
4.0 1.269 1.183 1.212 1.255 1.320 1.601 1.715 1.862 2.060 2.415 2.833 
4.5 L233. 1.165 1.195 1.229 1.292 1.570 1.686 1.823 2-012 2.343 2.737 
5.0 1.210 1.148 1.182 1.218 1.281 1.545 1.664 1.795 1.965 2.281 2.666 
5.5 1.194 1.142 1.175 1.211 1.270 1.530 1.640 1.762 1.929- 2.220 2.612 
% i-i; i-i;: i-i:i: i-tit 

7:o 1:153 il2l lk8 1:rso 

:-ii; 

&S 

i-:i: 

i4RS 

i-!;: 

1:684 

i-;ii 

1:706 

1863 1.896 

1:830 

2143 2.166 

il20 

2504 2.558 

2:450 

12.018 
6.373 
5.206 
4.649 
4.151 
3.888 
3.625 
3.499 
3.374 
3.249 
3.124 

244:O 0:946 .0:970 0:963 0:969 Oh77 Loss 1:104 1:133 1:114 1:161 1:213 
244.5 0.946 0.970 0.963 0.968 0.977 1.086 1.103 1.132 1.113 1.161 1.212 
245.0 0.946 0.970 0.563 0.968 0.977 1.085 1.103 1.132 1.113 1.160 1.211 
245.5 0.946 0.970 0.963 0.968 0.976 1.665 1.102 1.131 1.112 1.159 1.210 
246.0 0.946 0.970 0.962 0.963 0.976 1.034 1.102 1.131 l-111 1.158 .1.269 
246.5 0.946 0.970 0.962 0.967 0.976 1.084 1.101 1.130 1.110 1.157 1.208 

247.0 0.946 0.970 0.962 0.967 0.975 1.083 1.100 1.129 1.110 1.157 1.207 
247.5 0.946 0.969 0.962 0.967 0.915 1.082 1.100 1.129 1.109 1.156 1.206 
248.0 0.946 0.969 0.962 0.966 0.975 1.082 l.QQQ 1.128 l.J.OS-. 1.155 1.205 
248.5 0.946 0.969 0.961 0.966 0.975 1.081 1.099 1.128 1.107 1.154 1.204 
249.0 0.946 0.969 0.961 0.966 0.974 1.081 1.098 1.127 1.107 1.153 1.203 
249.5 0.946 0.969 0.961 0.966 0.974 1.080 1.098 1.127 1.3.06 1.152 x203 
250.0 0.946 0.969 0.961 0,965 0.974 I.080 1.097 1.126 1.105 l-152 1.202 

1:264 
1.263 
1.262 
1.261 
IL260 
1959 

1.258 
1.257 
1.256 
1.255 
1.254 
I_253 
1.252 

We chose computerized processing of the calibration data, because manual 
processing is very laborious and lacking in precision. The basic mathematical 
assumptions have been discussed above. In this way, 500 fW values were ob- 
tamed as a function of the peak area of the test substance. The programme 
permits two versions of data processing. As confirmed by Gold and Mathew 
[S] , both the peak heights and their areas can be used for the quantitative 
analysis of lipids. The fW vs. peak height plot is very similar to that of fw vs. 
peak area. As mentioned above, mathematical processing permits the control 
of the accuracy of the calibration data, using a special 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 fW 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 daily, it represents a time interval of about 1-2 months. 
The calibration proper is automatic and takes -32 h. 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, .T&e .cabbration- is, mpea+d 
if any of the substances display a deviation of fw values &eater t$pn 5% ip 
any part of the plot. The problem of calibration stabihe wiJ.I be disc&&d in 
thefollowingpartbf W-paper. _.. _ -_ _. ---. 

During the column life, the fw valu_es decrease m the lower conc+mtion 
tige, especially in. the case of- triglycerides. with high& nk&da.r we@& 
These changes are smaller when the column is properly stabi2iied:Table IV 
ilk&rates part of the out@ut of tab&ted f,, data in relation to the peak area; 
similar data were obtained for peak heights; T&ble V shows anexample of the 
cakulation for a biological sample. Gas chromatograms of normal tid hyper- 
lipidemic plasma neutral lipid are given in Fig. 4. 

The proposed method @xmits on-line as well as off-line Coupling with a 
computer. From economic aspects, the off-line coupling is more effective; it 
employs a conversion programme, using punched or magnetic tapes containing 
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). 

&mm&& No. 999/O/O/S; Date: S-11-77. V, (WI)= 1000; v, (mt)= 0.2000; ya (id) = PO; 

m*((ng)‘= 400_00;A,*= 48.6:aUhaveihesamemeaningesineqn 4_ 

Lipid CarbonNo. Area* f alar mgm choi (IzIg)** 

Cholesterol 27 

u2holesteryl 41 
esters 43 

45 
47 

Total 
ChOkStCrgl 

esters 

26.2 1.009 54.39 

0.6 1.396 1.72 1.11 
12.8 1.115 29.37 18.19 
62.0 1.067 136.12 80.96 
6.5 1.249 16.70 9.59 

183.91 109.85 

Total 
cholesterol 164.24 

Triglycerides 48 2.156 3.55 
50 Z-f 

17:1 
1.709 14.42 

52 - 1.538 54.11 
54 5.1 1.956 20.53. 
56 0.3 4.483 2.77 
58 
60 

Total . 
triglycerides 95.38 ;' 

*I&,egratoroutput~~~by5066_ . : 1. .- --. ~. 
**ContentofcholesteroIinindividuel~~ctions:- : -. 

. . . 
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