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SUMMARY 

The separation of catecholamines and their metabolites has been carried out 
by high-performance liquid chromato_mphy using three systems: liquid-solid adsorp- 
tion, ion-pair partition, and soap chromatography. In the last newly developed tech- 
nique a reversed-phase packing is used in conjunction with an aqueous organic eluent 
containing a detergent. The detergent is chosen so that its ion can form ion-pairs with 
ions of the solutes. Soap chromatography proved the best technique in terms of column 
eflkiency (giving 3300-5000 plates in I25 mm), resolution and sensitivity of detection. 
Noradrenaline, adrenaline and dopamine, their 3-O-methyl derivatives, ~-3,4-d& 
hydroxyphenylalanine, homovanillic acid and other related compounds could be 
separated in Iess than 10 min at the IO-Xl-ng level on columns whose pIate heights 
were in the range of 2U-W pm. The dependence of retention on the concentration of 
organic modifier and on detergent concentration for three anionic detergents is re- 
ported. 

The method is applied to the direct analysis of urine and the potential of the 
method for such analyses, especially of pathological urines is demonstrated. 

Soap chromatography is likely to enlarge the -scope of application of high- 
performance liquid chromatography to biochemical analysis. It is a powerful method 
for the separation of ionizable compounds which could replace conventional ion- 
exchange chromato,Qphy. 

Although many chromatogrzphic techniqnes have been applied to the separa- 
tion and quantitation of catecholamines and their metabolites, the major difhculty in 
dealing with biological material has always been, and stiI1 remains, detection of the 
exceedingly Iow levels present in bio-fluids such as urine or blood. In such analysis 
it is generahy necessary to carry out a prior extraction and this may have to be fol- 
lowed by appropriate derivatization to enhance the sensitivity of detection. WhiIe the 
most frequently used chromatographic methods for catecholamines are thin-layer 
(TLCjz-’ and paper chromatographf-lq these require quite elaborate pretreatment 
of samples when applied in biochemical analysis where detection at the nanogram or 
srrbnanogram level per miililitre is required. Gas chromatography’5-‘9 does have the 



necessary sensitivity but requires prior derivatization of the catecholamines to render 
them volatile; since tne silyiating reagents may react not only with phenolic and 
alcoholic groups but also with ammo groups, errors readily arise from incomplete 
derivatization. In recent studies using high-performance liquid chromatography 
(HPLC), WallzO has reported separations on a polyacrylic acid cation exchanger, 
M~ri”‘-‘~ has used the Zipax SCX, the DuPont pellicular strong cation exchanger, 
while Persson and Karger” have employed ion pair partition chromatography. The 
ion-exchange method has been automated by lMori for urine analys&, the procedure 
involving fluorimetric detection of trihydroxyindole derivatives’2 to give the necessary 
enhancement of sensitivity over the normal ultraviolet (U.rVj detection method. An- 
other fluorphore that has been used successfully by Irnai% for detection of adrenaline 
and noradrenaline is Fluorescamine@ (Hoffmann-La Roche). Very recently Schweat 
and Bussema?’ separated Dns derivatives of catecholamines by adsorption chroma- 
tography on silica gel and achieved very low levels of detection by using fluorescence. 
These separations, with the exception of those of Persson and Karge?‘, have, how- 
ever, shown relatively poor resolution, speed and plate height. 

There is no doubt that improvements in HPLC performance could reduce and 
possibly even remove the need for the initial extraction or the formation of special 
derivatives when examining biological material, for a high plate efficiency might 
enable the bulk of the endogenous compounds to be separated from the compounds 
of particular interest. At the same time the elution of sharper peaks from shorter 
columns would enhance the concentration of eluted solutes and improve sensitivity. 

The present study was carried out in an attempt to provide an HPLC method 
which would give the highest resolution and at the same time be suitable for analysis 
of urine samples. We have examined adsorption chromatography, ion-pair chroma- 
to=mphy and the novel technique of soap chromatography”o. The last of these has 
proved to be particularly suitable for caticholamine separation giving chromato- 
graphic efhciencies of up to 20,000 theoretical p!ates, and analysis times of 10-30 
mm for CGmpGUndS having capacity ratios (k’) of up to 30. The method has the 
particular advantage, when applied to urine analysis, that the bulk of the endogenous 
compounds that show TJV absorbance elute before the solvent peak (k’ = 0). These 
are presumably high-molecular-weight substances that are excluded from the reversed- 
phase silica gel used as column packing. The catecholamlnes and their metabolites 
are well retained and readily separated from other minor UV-absorbing components 
in urine. ?Vhile UV spectrophotometry is not sufEciently discriminatory to allow 
quantitation of many of the catecholamines when normal urine is directly injected 
into the column, it is sufficiently sensitive to monitor them in the pathological urines 
of patients being treated for Parkinson’s disease using either the 3,4dihydroxy- 
phenylalanine (L-DOPAj or L-DOPA with benserazide (MadoF@) treatments. Using 
oneof the fiuorescent detection tecbniquesz’~~, it is probable that the sensitivity would 
be sufhcient for the method to be applied to the detection and quantitation of catechol- 
amines in normal urines injected d_irectly on to the column, thus making the extraction 
stage redundant. 

The high-performance liquid chromatogaph was constructed in the laboratory 
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and comprised a Haskel high-pressure gwdriven intensifier pump and a variable 
wavelength UV photometer (Cecil Model 212) as detector. Columns, 5 mm in bore 
and I25 mm long, were made of internally polished stainless steel. Each column was 
terminated by an O&pm silver membrane (§elas Flotronics) sandwiched between the 
G-pm porosity stainless-steel f&s (B.S.A.). The septum injector and column fittings 
were made to designs similar to those previously described3’. Columns were operated 
at ambient temperature. Injections (l-20 ~1) were made by microsyringe. 

The following column packings were used. (A) For adsorption chromatogra- 
phy: Spherisorb A20, a 2O-pm spherical alumina from Phase Separations (Clwyd, 
Great Britain); (B) for ion-pair partition chromato,Qphy: Spherisorb S5, a 5-pm 
spherical silica gel from Phase Separations; (C) for soap chromatography: oDS/TlMS 
silica 5 pm (Wolfson Liquid Chromatography Unit, Edinburgh, Great Britain)_ This 
materiarZ is a spherical silica gel (surface area of about 200 m’/g) whose surface has 
first been substituted by octadecyl groups and finally treated to replace any residual 
silanol groups by trimethylsiloxyl groups. 

Different packing techniques were employed for the different materials: the 
2O-pm Spherisorb A was dry-packed by the rotate, bounce and tap method33. The 
Spherisorb S5 and ODS/TMS silica were pscked by driving a dense slurry (CQ. 2 g of 
packing in 15 cm3 of methyl iodide) into the column at a pressure of 3000 p.s.i. The 
methyl iodide was then washed from the column by passage of n-hexane. For ion-pair 
partition chromatography the column (packed with Spherisorb S5) was then dried by 
passage of air; it was loaded with the aqueous stationary phase (a perchloric acid- 
sodium perchlorate solution) by drawin g 5 cm; of the stationary phase through the 
column using suction. The eluent (a butanol-methylene cNoride mixture) was then 
pumped through the column until the emerging liquid was clear. To preserve the 
stationary phase a precolumn (5-mm bore, 500 mm long) was placed upstream of the 
injector: it was packed with SO-100 mesh Chromosorb bearing 20% (w/w) of the 
stationary phase. For soap chromatography (using QDS/TMS silica) the n-hexane 
was displaced by methanol and the column subsequently conditioned by pumping 
eluent for several hours before use. 

The solutes used in the study are listed in Table I which also shows their for- 
mulae and the sources from which they were obtained_ The detergents used in soap 
chromatography were sodium lauryl sulphate (SLS) f rom BDH (Poole, Great Britain), 
sodium I-dodeczne sulphonatc (SDS) from Cambrian Chemicals (Croydon, Great 
Britain), and sodium dodecyl benzene suIphonate (SDBS) from BDH. 

RESULTS AND DISCUSSION 

Adsorption chromatography 

MixtLues of I-butanol, acetic acid and water, frequently used as developing 
solvents in TLC, were employed as eluents. They eluted methyl derivatives before the 
corresponding unsubstituted catecholamines, and adrenaline before noradrenaline as 
shown in Fig. L4. This is essentially the order of increasing polarity. 

Addition of small quantities of a less polar solvent such as diethyl ether in- 
creased the retention of adrenaline and noradrenaline more than that of metadrenaline 
and normetadrenaline, and thereby changed the order of elution ofadrenaline and nor- 
metadrenaline as shown in Fig. 1B. 
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I , I J I I I I 

15 10 5 0 i5 10 5 0 
time/min 

Fig. 1. Liquid-solid &sorption chromatography of cztecholamines and derivatives. Pazking, 
Spherisorb AZ0 (alumina); detection by UV photometry at 2554 nm; sensitivity O-C!4 absorbance 
units full scak deffection (a.u.f.s.); pressure drop, 150 p.s.i.; eluent, (A) butanoi-acetic acid-water 
(4:1:1, v/v); (E) bn’Cxnoi-acetic acid-diethyl ether-water (43 :L:i, v/v)_ For peak identification see 
TzbIe I. 

The sep2r2tions in Fig. I correspond to pfate efficiencies of around 700 giving 
reduced plate heights (h = Hid,) of about 9 at a reduced velocity (Y = rdp/Dm) of 
about 60. (H = plate height, d, = particle size, u = linear velocity of eluent calcu- 
lated as cohunn length/efution time of an unretained soIute, D, = diffusion coeffi- 
cient of solute in ehuent.) Improved effciencies would undoubtedly be obtained using 
5 or HSpm particles. However, since there was some evidence of irreversible adsorp- 
tion, and since the components of urine are generally irreversibly adsorbed by 
ahnnina and silica gel no further work was carried out on this otherwise promising 
method of separation. 

The principle of ion-pair partition chromatography has been fully described by 
Eksborg and S&ill3 who citz references to earlier work by Schill and co-workers on 

ion-g&r partition. It has been used successfully by Kraak and HuberiS for separation 
of suEphonic and other acids, by Knox and Jurand= for tricyclic antidepressants, and 
by Persson and Karger” for catecholamines. Our technique was similar to that of 
Persson and Karger. The stationary phase throughout was 0.1 M in perchloric acid 
and Cl.9 M in sodium perchlorate. Eiuents were butanol-metbylene chloride mixtures. 

A typical separation is shown in Fr,. _. ‘a 3 ?&e elution order is similar to that in 
adsorption chromatoaphy. The plate efhciency is around loo0 for the early peaks and 
around 2QNJ for the last peaks giving iz from 12-25 at t’ of about 20. These values are 
somewhat better than those of Persson and Karger and OUF separations were obtained 
+t low& pressures (generally below UIUO p.s.i.). Nevertheless the vaIues of h are still 
much higher than the best values of about 3 obtained in adsorption and reversed- 
phase bonded liquid chromatography3’. As in Persson and Karger’s work peaks 
were significantly tailed. 



, 
25 2G 15 IO- 5 0 

time/m% ’ 

Fig. 2. Ioa-pair partition chrokmatogr&y of cztecholamines and derivatives. &eking, Spherisorb 
SS (silica gel); detection, 280 zxn; sensitivity 0.2 a.u.f.s.; pressure drop, 300 p.s.i.; stationary phase, 
aqxeous 0.1 iI4 EECIO~ i 0.9 M NaClO,; eluent, hutanol-rnethylene chloride (40:6O, v/v). 

Iacrease in the proportion of butanol from 4#-SO% {v/v) reduced k’, the col- 

uzm caprrC=ity ratio, for a11 components as shown in FE,. *a 3. The efftzts OIL different 
soIutes weti sufficiently diEerent that the elation orders of the pairs adrenaline-nor- 
zdrendine and metadrenaline-normetadreixline could be reversed. ?Yh&e effects are 
ia geueral 2ccord with the theory of ion-pair partition according to which akohols 1 

are@own to solubilize ion-pairs much more effectively than methylene chIoridex.37. 
Undoubtediy ion-pair partition chromatography allows FoasiderabIe fiexibility 

in l &e degree of retention and elution order even without changing the staiionary 



m&&serious ptictica~ problem is the preservation of the stationary phase, which can 
rather easily be remoued from ~tbe cob.mm ami whtie +antity is &Ecuft to conird 
unless special precautions are taken. This is a common problem with all liquid-liquid 

~~chromatogr&phic systems which employ two physically distinct phases. A way out of 
the &&u&y in simple partition chromattigraphy is to rrse an adsorbent of large 
surface area to extract a polar component from a mixed eluent (e.g. hexane-aceto- 

-- nitrile, 99:I). It is then possibfe to form what amounts in practice to a two phase 
-- system which is stabazed by the presence of the adsorbent surface. Unfortunately 

this technique does not appear to be applicable in simple ion-pair partition chroma- 
topphy where a high concentration of 2 salt has to be present in the stitionary 
phase. 

Soap chromatography described in the next section largely overcomes these 
problems. 

Soap chromatography”* is a technique which uses a reversed-phase packing 
material in combination with a hydrophilic elueni contaitig an organic modifier (up 
to say 30%, v/v) and a splah concentration of a detergent or soap (generally 0.1% 
or less):The detergent-is adsorbed by the reversed-phase surface to form a !ayer which 
is in some ways aI& to an ion exchanger. A detergent is chosen w‘hich has the potential 
to form an ion-pair with an ionized form of the solute. To ensure that the solutes of 
intent are in the preferred ionic form the pH of the solution may have to be con- 
trolled. Thus, for amines, an acidic eluent containing a cationic detergent would 
generally be used_ In this work we have employed SLS, SDS and SDBS as detergents. 

A o-04% 

35 30 25 20 15 70 5 0 
tim&i min 

20 15 IO 5 0 
time / min 

Fig. 4! Soap chromatography of a&&ol&es and &rivaties, Packing, ODS!TMS silica.; detec- 
tion, 280 nm, 0.02 z.ufs; eiuent, water-me&of-SDS (72.5:25.5:0_02, ujvfw) with added sulphuric 
acid:-(A) @.a4% (v/v); @} 0.15% (v/v]. 



A - 
14% CH3CN 

f 

30 25 20 15 10 5 0 
time/min 

10 5 0 

Fig. 5. As for Fig. 4 except: detection, 280 nm. 0.01 ;tu_f.s.; eluent, water~tonitri!e-SLS-sulphuric 
Ecid. (A) 86:14:0.02:0.04 (v/v/w/v); (B) 70:30:0.02:0.04 (v/v/w/v). The quantity of NA injected for 
chromztogram B was around 20 ng. 

While it was possible to elute the catecholamines and their derivatives from an 
ODS/TMS silica with a simple acidic ehent, they were either unretained or very 
slightly retained and then the peaks were generally broad. Resolution of specific com- 
pounds was impossible. On addition of a small concentration of any of the above 
detergents a dramatic improvement occurred in retention, peak sharpness, peak sym- 
metry and resolution. Figs. 4 and 5 illustrate the excellent separations which can be 
obtained. Catecholamines are eluted in roughly the reverse order to that found in 
adsorption and ion-pair chromato,mphy. The efEiciencies in terms of the number of 
theoretical plates can be as high as 10,000 for the 12%mm column but 3CKlO-5000 is 
more usual. The corresponding reduced plate heights are in the range 2-6 at reduced 
veiocities of about 20, and are similar to those obtained in adsorption chromato- 
graphy. Speed of separation, seIectivi@ and resolution can readily be adjusted by 
altering any one of a number of parameters such as the nature and concentration of 
the organic modifier in the eluent, the nature and concentration of the detergent, the 
nature and concentration of the acid, and by addition of salts, particufarly salts with 
coordina’ting metal anions. 

Amongst the organic modiiiers examined, methanol and acetonitie gave the 
highest column efhciencies, whereas propanol and dioxane gave poorer performance 

Increase of acid concentration as shown by Fig. 4 increased the speed of 
analysis by reducin_g retention and slightly improved the plate efheiency. Unfortu- 
nately acid concentrations above about IO-’ M (corresponding to 0.1 oA sulphuric 
acid) cause slow hydrolysis of bonded a!kyi groups and must be avoided for long 
term work. The addition of acetonitrile or methanol as shown by Fig. 5 reduced re- 
tention but with some loss in piate efhciency. -4 more comprehensive study of the 
e!&ct of acetonitrile concentration gave the results shown in Fig. 6. In this work, 
carried out eariy in tic study, an acid concentration of 0.2% and a detergent (SLS) 
concentration of 0.1 oA were used. These were substantially higher than the concen- 
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10 20 30 

% CH.p-4 

Fig. 6. Dependence of k’ upon volume percentage of acetonitrile in soap chromatography. Packing, 
ODS/TMS silica SFcm; eluent, water-acetonitrile containing 0.2% (v/v) sulphuric acid and 0.1% 
(w/v) SE..% 

trations used subsequently, for example in the analyses shown in Fig. 5. Nevertheless, 
the effect of acetonitrile is IikeEy to be similar whatever the acid and detergent con- 
centrations. As the concentration of acetonitrile is increased from 10% to 30%, k’ 

falls more or fess linearly, the decrease being from 4 to 7-fold. The order of elution 
of the catccholamines is unchanged over this range being NA, A, NMA, DA, MA 
and MDA. However, L-DOPA can be eluted before adrenaline 2t high acetonitrile 
concentrations and after it at low concentration. The effect of an organic modifier in 
reducing the retention is in the sense expected for 2 reverse phase separation. The 
addition of detergents increased retention and with minor exceptions the three deter- 
gents SLS, SDS and SDBS gave the same order of e!ution and comparable k’ v&es 
at around the 0.05% (w/v) concentration level. Detailed results are shown in Fig: 7 
for the three detergents. It is noticable that SLS is effective at the Iowest concentra- 
tions and that addition above about 0.06 % has rather little additional effect, especially 
for the less retained solutes. SDS is less effective at very low concentration but also 

shows a saturation effect. SDBS in contrast shows the least ef&ct at low concentra- 
tions but up to 0.08 oA k’ increases more or less linearly with concentration. 

The elution order with SDBS is the same at all concentrations namely NA, A, 
NIMA, LB, DA, MA, MDA, with optimum resolution being obtained at about 
0.04%. With SDS the order is the same with SDS concentration above 0.02% but at 

lower concentrations LD is eluted ezrfier, and at 0.005 % emerges between A and NMA. 
Best -resolution is, however, obtained with an SDS concentration of about 0.02%. 
With SLS the dependence of retention upon concentration is more complex. At high 
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20 

1-O 0 0-S 1-o 0 (3-5 1 

concantretion / g dmv3 

Fig. 7. Dependence of k’ upon concentration of detergent. Packing, ODS,RMS silica 5 ym; eluent, 
water-methanol-sulphuric acid (89: 1 I :0.&I, v/v/v). 

concentration the elution order is NA, A, LD, NMA, DA, MA, MDA, the order 
found with low concentrations of SDS_ When the SLS concentration is reduced to 
0.005% the order of elution becomes NA, A, NMA, LD, DA, MA, MDA, which is 
the same as with SDBS and at high concentrations of SDS. Excellent resolution can 
be obtained with SLS at either 0.05 or 0.005 %. 

The dependence of k’ upon detergent concentration found in this study are 
qualitatively similar to those found by Knox and LairdjO in their work on &phonic 
acids using the czzionic detergent cetyltrimethylammonium bromide. They used a 
short chain bonded silica, SAS silica, and found that k' 5rst rose, then became more 
or less independent of concentration, and Anally fell again. Their concentrations 
were about ten times higher (up to 2%) and solubilization into the eluent was con- 
sidered to be the cause of the decline in k’ at high concentrations of detergent. The 
rise in k’ at low concentrations was correlated with adsorption of the detergent on to 
the bonded hydrocarbon surface. Using ODSfTMS silica it would be expected that 
the detergents would be more strongly adsorbed than on SAS silica and therefore the 
effects would be observable at Iower concentrations. By the same token there would be 
Iess solubilfiation into the eluent. 

WhiIe the detailed mechanism of soap chromatogzraphy is still to be unrzveUed 
we believe that it operates rather like ion exchange, where amines (in the preent in- 
s’knce) present in +&e eluent as cations exchange with counter ions that are associated 
with detergent anions adsorbed onto or into the hydrocarbon surface of the packing. 
This layer of adsorbed detergent forms 2n ion exchanger of excellent thermodynamic 
and kinetic properties so that what amounts to ion-exchatige separation can be 
carried out with high chromatographie efikiency. Furthermore,.by changing the 
concentration and nature of the detergent the degree and orders of retention can be 
3hpsf Lcxz?Ek&kb. 

.- 



The~~rminationofcatechof~~lnesand~e~ derivatives inurineis ofgreat 
&nicai importaxe, but, as noted earlier, the problem of d&e&on and quantitation 
is made difEctit by the very iow levels prese+ and pre!iminary extraction coupled 
with subsequent derivafization is generally-required. The method described using 
s&p chromatography gives much better resoiution and sensitivity than previous 
methods yet without one or other of the above procedures if still cannot detect the 
compounds in normal urine. However, ce&n pathoIogical conditions are associated 
with unusually high levels of certain of these compounds in urine. An example is the 
urine of patients undergoing treatment for Parkinson’s disease with either L-DOFA 
or Madopar. 

Fig. S shows four chromatograms ill~titing the type of results which may be 
obtained. Chromstogram A shows the elution times of standard compounds. Chro- 
matogram B shows the chromatogram obtained by direct injection of 5 ,ul of normal 
urine. The arrows indicate the efution positions of the nine standard compounds. 
Feaks occur at times close to the elution times of NA, -4, NMA and MDS. They are, 
however, very small and identication is uncertain. Indeed, elution ,with water- 
aceetonitrile-sulphonic acid-SDS (85: i~:O.O6:0.0~, v/v/v/w) shows that the component 
eluting at a timP corresponding to adrenaline in Fig. 8 is, in fact, some quite different 
substance, It is, however, worthy of note that the main UV-absorbing components in 
urine elute very eariy. Indeed, some elute before the first peak of chromatogram A, 
indic&ing that they are probably polymeric. A most importzmt feature of urine anal- 
yses carried out on reversed-phase materials is the early elution of the majority of UV 
absorbing endogenous _materiats. 

Chromato_mams C and D are in marked contrast to B in showing substantial 

A. STANDARDS 6. CONTROL 
(NORMAL) 

c. MA!lGl’AR D. L-DOPA 

LO 20 040 20 0 LO 20 0 LO 20 

time / min 

Fig, 8. Soap chromatography of catechofamines and derivatives in hne. J?zcking, QDS/TMS siiica 
5 pm; detection 280 nm, 034 a.u.f.s.; sampIe size, 5 ~1; eItte& ~~Wer-methanol-sulphtic acid-F&S 
(72.5:2f.5:O_04:0.00s, v/v/v/w). (A) Stzrxdards; (E) controt normal tine; (C) urine from pati+ suf- 
fering fmm Far&s~n’s disease under Madopar treatment; (D) as C but under L-DQ?A treafmenE. 
Arrows inditite elution times of standard soiutes numbered in A. 



pg.&s at the same elution time as L-DORA Andy dopemine. Ge ratio is -above 1 in 
chrom2~ogram C 2nd behw 1 in D. EFsigtg the second eluent peaks aga& efute 2t 
tunes corresponding to LD and DA and again the peak area- ratio corresponds-to 
those in chromatograms CZ and D. There is theret‘ore- reasonable if not conchtsive 
evidence that t@ese peaks cm be identiikd. The pe&s co&ng at the sane time as 
adrenaline are much larger than in normal urine but again they are not, in fact, due 
to adrenaline. 

These preliminary resuits show something of the potent& for EIPL~ in chiniczl 
analysis, but they also reveal a major pitfall, namely the strong possibility of &orrect 
identification of peaks if elution time under a single set of conditions is used as the 
evidence for idenrification. It is clearly essential to use a number of eluents to confirm 
identity and preferably independent methods, such as mass spectrometry, to obtain 
certainty. 

CONCLUSIONS 

(1) Adsowtion chromatography, ion-pair partition chromatography and soap 
chromatography are all suitable for the separation of the catecholamines. The eluttion 
order for the last method @IA, A, NM_4, DA, MA, MDA with LD eluting, depending 
upon conditions, just before or just after NMA) is roughiy the reverse of that obtained 
in the first two methods. 

(2) Soap chromatography gives the highest plate e&iency, (up to 10,oFO 
plates in 125 mm)_ the least peak tailing and the best reproducibility for catechol- 
amines. 

(3) The degree of retention in soap chromato,wphy is readily controlled by 
changes in the nature and concentration of organic modifier, the coGentration of 
acid, the nature and concentration of detergent_ Optimum detergent concentrations 
are 0.02 % (SDS), 0.04 % (SDBS), 0.005 or 0.05 % (SLS). 

(4) Soap chromatography is particularly suitable for urine analysis since the 
major endogenous components are efuted well before the catechoIamines_ Repeated 
injections of neat urine cause no deterioration in column performance. 
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