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INTRODUCTION 

Since the discovery of the Rh blood factor in 1941 tromendoua 

advances have been made in th• understanding of the entity known 

as erythroblastosis fetalis and in its management. Exchange trans­

fusion, the present accepted treatment for those severely affected 

by this condition, nas been used only for the past decade. Although 

the exchange transfusion has done much to reduce the mortality and 

morbidity of erythrobltstosis fetalis, it is by no means an 

innocuous procedure. The exchange, in which most of the infant's 

blood volume is replaced by cittated (or heparinized) donor blood, 

can and does place many physiologic stresses upon the infant. 

Relatively few detailed studies have been reported concerning 

electrocard1o­graphic and serum electrolyte changes occurring during 

exchange transfusions and often parallel studies of the two aspects 

have not been made on the same group of patients. Thia paper  

reports a study made upon nine infants With erythroblastosis fetalis 

subjected to exchange transfusion in which special attention was 

directed tuward the effect of tne transfusion upon the 

electrocardiographic tracings and upon the serum electrolytes. 
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HISTORICAL REVIEW' 

The first reported attempt to completely replace the blood 

volume of an infant was made by Hart (1) in 1925 on an erythroblae­

totic child, in which he injected J�5 cc. of donor blood into the 

saphenous vein and withdrew �O cc. through the anterior fontanelle. 

Although the child recovered he did not report any further trials 

with the procedure. It was not until 1944, after the discovery 

of the Rh factor and more was understood about blood groups and 

the etiology of erythri:>blastosis, that further attempts were made 

to replace the total blood volume of the affected inf�nt as a means 

of treatment for the disease. Weiner and associates (2) in 1944 

successfully attempted an exchange transfusion on a Mongolia� idiot. 

Encouraged by this success they began using the procedure on ery­

throblastotic babies ('). ·!i'allerstein was another early advocate 

of the exchange trans.fusion, performing his first in 1946(4,5). 

Since these early attempts the technique of the exchange trans­

fusion has been improvtd greatly. In general two types of procedures 

are used today. One ie the method advocated by ieiner (6) in which 

blood is eimulta�eoualf injec\ed via a cannula into the saphenou• 

vein and withdrawn frOlll the ra-dial artery. The other method, as 

advocated by Diamond (1), utilizes the umbilical vein, in which 

blood is alternately withdrawn and injected through the same poly­

ethylene tubing. Most workers use citrated donor blood, but recently 
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the use of heparinized blood has been advocated by Pew (8) to avoid 

the danger of hypocalc emia. By either method a l arge pe rcentage 

of the infant 1 e circulating blood volume i s re placed by donor blood . 

Estimately an average newborn infant 1s blood volume at 250 ml ., a 

transfusion of 500 ml. r ep lac es 82-86 pe rcent of the patient 1 s 

blood volume, whereas a transfusion of 1000 ml . (four time s the 

infant 1s blood volume) replaces 96 pe rcent of the blood (7,9). 

These figures are rou ghly true for either method of transfusion (9). 

Investigators early recognized the possibility of electrolyte 

changes accompanying exchange transfusions. :laller stein (5) was 

the f irst to advocate t he administration of calcium gluc onate during 

the procedure to counteract the effect of the citrate in the donor 

blood. Citrate by forming an unionized com plex with calcium can 

thereby lowe r the ioni zed frac tion of se rum calcium (which is the 

portion that is physiol ogically active) to potentially dangerous 

levels. tone time some workers gave the ca lcium only after t he 

transfus ion was completed , but now most advocate its administration 

pe riodically (gene rally O.l gm . for each 100 ml . infused) during 

the procedure to guard against hypocalcemia (6,7 and 10). 

Potassium is another electrolyte which must be considered. 

It has long been :known that the plas:na potass i um level tends to 

gradually rise the lonber donated blood i s stored because of the 

escape of potassium from the erythrocytes. Miller and as s ociates 

(11) tested the plasma potassium concentrations of severa l bottles 

of donor blood which had been stored for va riable pe riods of time . 
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Those stored les s than five days had potassium concentra tions rang­

ing from 5-8 meq ./1. ; those for 5-10 days, 6-13 meq ./1.; those for 

11-15 d&ys, 8-14 meq. /1.; and those stored for 16-20 days , 10-18 

meq . /1. The que s tior mus t always a ri se whether an erythroblastotic 

inf~nt can handle thi3 extra load of pot ass ium. Often it has been 

t he most severely aff ected infants who have been given the older 

uni ts of' blood, these often be ing more readily available for im:nedi­

ate use . It has be en shown repeatedly that ca lcium and potass ium 

are somewhat ant agoni s tic in their effects on the body ' s phys iology 

(12,13), so that a combination of hynocalcemia and hyperpotassemia 

as mi ght oc cu r during an exc ~ange transfus ion could prove to be 

especially d~ngerous . 

Be cau se of the re:age r c l inica l signs which accompany all but 

the more severe electro lyte imba lanc es , the electrocardiogra ph can 

be a gr eat aid in det ecting t hese i mbal ances. The recording of the 

electrica l activity of the heart will of ten be an early clu e to the 

pres enc e of electrolyt ic distu rbance. Thus it wo . ld seem ,rnrth­

while to revie i:1 briefly t he ECG changes which have been re ported 

with abnormalities of t he serum calcium and potassium concentrations. 

The ma in effect of calcium upon the ECG tracing is noted in 

the duration of the Q.-T interval , which is the measure of the du ra­

tion of the electrical systole of the tea rt . The Q- T interva l 

normally varie s invers ely with the heart rate so that in measuring 

its duratioh some sort of correction must be made for the heart 

r a te at the given time . Al so it should be noted that the Q-T inter­

val adjusts gradually r a t he r than ins t antaneous ly to changes in 
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the heart rate (14) . The ~ost widely used for~ula for adjusting 

the Q-T for the hea r t rate is that devised by Bazett (15) : Q-Tc 

( or K) = ~-T/ c, in which ~-Tc is the corrected Q.-T interval and 

c is the length of ar individual cycle in seconds . Ashman and 

Hu ll (14) have modified Bazett 1 s formu la as follows : ~-Tc= Q- 'l'/ 

loglO(c I . 07) . They maintain that this formula is more accurate 

than Bazett 1s for:.nula, which gives values too low for males and 

too low f or females w':1en the heart ra t e is r apid . 

In hypocalcemia the major effect noted is a lengthening of the 

'~-T interval (16,17,lc and 19) , this lengthening occurring in the 

S- 7 seg;i.ent ( 19, 20, 21 and 22) • ';/hite and Mudd ( 17) noted no ot her 

conditions which prolonge d the ~-T except for tho se which produced 

prolonged JRS complexes , such as premature ventricular contractions 

and bundle branch block . In gene ral the degree of lengthening of 

the Q.- T parallels the 

( 21), but .foff'ord and 

egree of lowering of the ionized calcium 

rnstene (18) have pointed out tha t there is 

no mathematical relati cnship between the degree of prolongation 

of the Q- T and the lev~l of the serum calcium, also that some cases 

of hypocalcemia did not have prolonged Q-T intervals . Reports of 

the effects of hypocalcemia on the T wave are not consistent . 

E:rnstene and Froudfit (19) report tha t it is not altered whereas 

Bellet (22) states it may beco~e inverted . Lepeschkin (23) in his 

review of the U wave ana its significance atates tha t if a U vmve is 

norm.ally present it wil: become lm•,re r or disappear with lowered 

serum calciu::n . 
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In hypercalcemia a sligbt shortening of the Q- T interval may 

be noted (20 , 21) . Merrill (20) states this change is too small 

to be useful. It has been noted also that the T wave may be fol ­

lowed by a prominent l wave (22 , 23) . 

One of the earliest s i gns of hyperkalemia is a narrowing of 

the base of the T wave , producing a 11 tent- shaped 11 ~rave (13) . The 

T wave also may incre£.se some1·1hat in amplitude (20 , 22) . Be llet (22) , 

who compared EOG changes with the level of potassium in the serum, 

noted these changes at l evels of 6-9 me q. /1. ';/ith higher concen­

trations of potassium (e . g . 10- 13 meq . /1 . ) the QRS complex widens 

with associated irregv lar ventricular rhythm appearing . ;/i th very 

high concentrations (e . g . 14-18 meq . /1 . ) there is a slow idioventri ­

cular rhyth.'11 with ,1i:ie Q.R;;, co:nplexes . Other changes \'lhich have been 

noted with hyperkalemia are sinus pauses (22) and prolonged P- R 

interval with decreased ampli tude of the F wa ve (20) . 

In hypokalemia tre patte rn is somewhat more variable . The T 

wave beco:nes lowered or inverted and the U wa ve appears and beco:nes 

more prominent with dec reasing potassium concentration (19 , 20 , 22 and 

23) . Both Srnstene and Froudfit (19) and Merrill (20) s tate that 

the Q.- T interva l is pro longed independent of the U wave, whereas 

Lepeschkin (23) claims that the Q- T is not prolonged but only seems 

so because the U wave is often mi staken for the T wave . Bellet (22) 

points out the difficulty in measu ring the true ~- T interval because 

of the bizarre waves seen in hypopotassemia . ,Ji th a ra pid heart 

rate the P wave may arpear to be more prominent because of the 
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superposition of' the preceding U wave (22) . upraventricular ar-

rhythrnias are apt to occur (22) . There may be so~e depression of the 

S- T segment (19,20 a'1d 22) , with no prolongation of the segment 

according to Ernstene and Proudfit (19) or with prolongation accord­

ing to Bellet (22) . 

There have been three reports giving detailed descriptions of 

elec trocardiographic tracings taken on inf'ants receiving exchange 

transfusions . Furman, He llerstein and Startzman (24) took serial 

tracings on six infants during the procedures. In all of these 

infants signs of hypocalcemia developed (no calcium was injected 

until the end of the transfusion ) • Four of them showed marked 

fine mus cle tremors, letectable clinically in only one , which made 

measu r ement of the Q-? intervals i mpossible. The other two deoon­

strated marked prolong-a tion of the Q.- T interval with slight decrease 

in the amplitude of tr .e T waves in leads I and aVL . No change s 

were noted in the P-R interval , 3 complexes or the electrical 

position of the heart. fter the termination of the transfusions, 

11r..en the calcium gluconate was injected, there was a marked reversa l 

in the ap pearance of t h e ECG tracings . The mus cle tremors disap­

peared and the ~-T interval returned to normal in the ones in whi ch 

it could be measured b~fore and after . In all the infants there 

was a consistent reduction of the heart rate, ranging from 24-,34 

beats per minute, with injecticn of the calcium . In four of the s ix 

patients T waves that had been upri 6ht in I and aVL before the trans­

fusion were isoelectric or inverted after the calcium was given . 
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Gustafson (25) r eported on electrocardio graphic tracings taken 

on eight infants rece i ving exchange transfusions, these infants 

receiving O . 2 gm . of calcium glu conate \·Ti th each 100 ml . of infu sed 

blood, or when indicated by the ECG . He noted that gros s mus cle 

tremors a ppeared after every 100 to 150 ml. of infu sion which dis ­

ar peared pr onptly aft~r calcium administration . he also noted 

that while in the healthier ba bies the tre '.Ilors were accompanied 

by fussing and crying, the more sever ely involved babies did not 

demonstrate these clinical signs, although the ECG tracings s till 

shmied the need for ca lcium and i mprovement following its admini ­

str ation . Injection cf calciJm s lowed the heart r ate . In most 

of the patients the ~-T interval co~ld not be ~easured accurately 

because of the mus cle tremors or becaus e the T Nas i soe lectric . 

In instances where it could be measured no pro longation \'le..s noted . 

;o consistent vo.ri ation in the heart rate Has noted i·li th injection 

or withdrawal of blood, nor did r api d inj ecti on of blood produce 

any ::CG changes . howeve r wit'l r apid injections the babies fussed 

more . lfo significant differe'1ce 1vas noted bet':re cn the tracings 

taken before and ten minutes ufte r the procedures . 

Joos , Yu and Miller (26) took 3CG tracin[s on ten newborn 

infants receiving exchan0 e transfusions , the infants receiving 

0 . 1 g;n . calcium gluconate per 100 ~1. of blood . They noted the 

heart rate to decrease vrith ca lcium inj ection in 22 instances and 

rise in 8 . o consistent changes in heart rate ,·rere obs erved ,vi th 

a ny other phase of the procedure , ,; ·,g . injection or withdrawal of 
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blood . There was definite lengthening of the 3- T segment at aomc 

time in all the cases except one . This lengthening appeared before 

the muscle tremors . The inj ection of calcium gluconate shortened 

the ;l- T interval by shortening the S- T segment . No significant 

chanses were observed in the T wave , although calcium adJJinistration 

usually produced trans ient lowering of the T. The T wave was con­

sistently taller \ti th injection than with withdrawal of blood . 

Two inf&nts developed arrhyt1.rnias --partial A- V blook--which were 

relieved by calcium inj ection . 

Several investigators have checked serum electrolyte concen­

trations on samples of blo od t aken at various intervals during 

exchange transfusions. These have shown no significant change in 

the se ru~ sodium conc ~ntrati on (26,27 and 28) . 11 c~lciu~ measure -

ments were fo r toto.l serum cLlcium, since unfortunate ly no labora­

tory test is availabl~ for directly measuring the level of the 

ionized calcium . Tota l serum ca lcium measurements shovred normal or 

eleva ted levels , even though elcctrocardio£raphic tracings taken 

simultaneously shO\"led si~ns of hypoc"'lcemia (24, 25 and 26) . 

ome info.nts have been found to have some11hat e levated potas­

s ium levels prior to the s tart of the exchange transfusion (26, 27 , 

29 and 11) . s has been previously pointed out, many infants receive 

~yperkale~i c donor blood , and the older the donor blood the higher 

its potassium concentra tion in the plasma is apt to be . Many but not 

all of' the infants which have been studied for serum electrolytes 

cou ld compensate .1ell f or the large r loa:i of potassium i nfused . 
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-,iller and associates (11,29) noted that among the eight patients 

they studied four started with normal potassium concentrations and 

received normokalemic donor blood ; these all exhibited no change 

during the procedure. Four others received hype rkale~ic blood . 

Two of the se started with normal levels but ended with elevated 

conc entra tions and a t hird s t 2.. rted 1;1i th a somewhat elevated level 

which rose slightly during the procedure . Of the ten cas es re po rted 

by Joos , Yu and Miller (26) two developed increas ed potassium con­

centra tions during t t e exchange, both of thes e receiving hyperkalemic 

blood and one s t arting with an elevated potassium l evel . In these 

cases the only ECG evidence of pot ass ium toxicity was an increase 

in the amplitude of the T wave . Eolande , Tre.isman and Fhilipsborn 

(28) re . orted 25 cases of whi ch f our r eceived normokalemic blo od 

and all did well. Of the 19 which rec eived hyperkalemic blood, 12 

d.id well but seven su::'fe red cardiac arrest and/or death du ring the 

procedure or afterward (two deaths were thoughtnot to be related 

to t he procedure itse lf) . They felt tha t the rate of infu s ion of the 

hyperkalemic blood mi ght be an i mportant factor in how well the 

infant tolerate s it . 

Ames, 3yllm and Fapoport (,30) point out the possibility of 

citrate toxicity ind ependent of its effe ct on the se rum calcium. 

t/i.1xler and associates ( ,31) have shown tha t erythroblastotic babies 

had somewha t i mpaired (bu t still ca pable) ability to remove citrate 

::' rom the blood . The t empe r &tu re of the infused blo od is also a 

factor which many inve stigators cons ider i mportant, contending 
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that the donor blood should be allo1·1ed to lva rm somewhat before 

its infusion. Thus it is a pparent that there are ~any factors 

to be conside r ed when perfor.ning an exchange transfusion. The 
I 

infants physiology potentia.ly may be disturbed by any or a ll 

of these factors . ThJ infant has gre~t ca pacities for adjusting 

to these disturbance~ but such is not invariably s o. 
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,,~TERIA.uS AND METHODS 

This study was coYJ.ducted on nine newborn inf'ants who received 

exchange transfusions for treat~ent of erythroblastosis fetalis pro­

duced by Rh incompatibiL.ty . Seven of the procedures were conducted 

at Children 1 s Memorial hospi tal, one at Bishop Clarkson Memorial Hospi ­

tal and one at Nebraska ,fo thodi st Hospital. Table I (p . 14) gives some 

of the basic information concerning each case . All the infants were 

of '.llature size, their birth weights ranging from 2530 to l~OOO grams • . 

The age at which the exc'lc.nge transfusion was performed varied from 

2-} to 54 hours after birth . Only Case I received one unit (or les s 

than 500 ml. ) of blood, the rest receiving two uni ts ( or close to 

1000 ml . ) . Tone of the donor blood used had been stored in excess of 

four days (Table III, p . 15) . The amount of blood transfused ranged 

from 390 ml . to 960 ml . In gene ral 0 . 1 gm . of calcium gluconate (0 . 2 

gm . in Case IV) was injected int ravenously for every 100 ml . of in­

fused blood, with some va riations from this general pattern . 

Table II gives so'.lle of the pre liminary laboratory data obtained 

on the infants . 11 reacted positively to the direct Coombs 1 test 

and all had elevated se rJm bilirubin val ues . Most of them had increased 

numbers of normoblasts seen in the pe ripheral blood . 

Blood samples 1;1ere taken from each unit of donor blood . Samples 

were also taken from each patient at the start of the exchange and 

just prior to each injection of calcium gluconate (or following each 

100 ml . injected if t he calcium injection was delayed) . The blood 
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samples we re kept refrigerated during the procedure. Immedi ately 

following the tran.sf'usion the samples we re centrifu ged and the plasma 

or se rum drawn off to e void cont aminat i on of the electrolyte concen­

trations by erythrocyt e hemolysis . The se rum e lectrolyte determina­

tions were made by the pe rsonnel of the University of Ne braska Hos pi­

tal Laboratory. Sodium and potass ium concen~rations were determined 

by the use of the flame spectrophotometer (32). Total se rum calcium 

concentra tions were mad e by oxalate preci pitati on of the ca lcium 

followed by titration of the oxalate ( Cl a rk and Collip, 33). 

n electrocardiographic tracing was t aken on each infant 

im:nediately before and after the exchange transfusion, recording the 

six standard limb leads . During the transfus ion one of the leads 

was recorded pe riodically, always bef ore and after each injection of 

calcium gluconate and also a t variable intervals between t he calcium 

injections. The limb lead which showed the most prominent T wave was 

the one usually chosen to use 1uring the transfusion and most often 

was either lead III or I. - Tc intervals were ca lculated f rom the 

average measured Q- T i nte rva ls in a given tracing according to Ash­

man and Hu ll's modifica tion of Bazett's formu l a (14): Q.- Tc = ).,-T/ 

logl0(c I 0.07), in Nhich the normal valuo f or ~- Tc in ma l es and 

children is given as 0. 375 sec0nd and 11 c 11 refers to the length of 

an individual cycle in seconds. Ashman and Hu ll give the up per limits 

of normal f or ~-Tc for children as 0.405 second. 
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TABLE I 

Gene ral Infor:nation 

Case lfo . of Birt h Age at Time f'or Bl ood Blood 
o. Siblings /leight Time of Exchange Tr ansf'ueed ,li thdrawn 

Efchanye ( gns • ) hrs. (min . ) (ml. ) (!!!L) 
I 2 2640 27 106 390 320 

II 3 .3500 ~ 14o 915 930 ... 

III 6 4000 ~ 14o 895 9.30 

IV 1 3400 ~ 64 690 720 

V 1 3360 54 145 790 770 

VI .3 2910 7t- 100 880 870 

VII 2 3520 ~.a 94 925 940 

VIII 5 2760 6 112 705 730 

IX 4 25.30 15 96 960 936 

T.1.BLE II 

Laboratory Data 

Case Direct ~~r 'r rtBC ' e 3e rum Bilirubin Nu cleated 
1 o e Af'ter 3efore ZxchanEe RBC 1 e o . Coombs .i:.schan,:;e Exchange 1 • t 1 

(/cmm . ) Test (.:nill./c:n .1 . ) (mil l. /cm.:n . ) m1.(~g . %f0 a 

I Pos . 4.08 4 .61 Jaundiced 2 , 700 

II Pos . 6. 15 .3 .68 0.26 2.20 900 

III Poe . 6 . 77 4.65 o.46 2.8 

IV Fos . 5.45 4 .17 3.10 * 4.4 * 9, 100 

V Fos. 2.46 5 .24 9 .6 .32 . 1 51 , ooc 

VI Fos . 4.05 4 .75 2.5 4,100 

VII Foe . 3 • .32 3.19 1.44 le.4 51, 100 

VIII Fos . 5. 85 5. 74 0.65 12 .~ 52,000 

IX Fos . 2.97 5.68 15.2 29 .5 202, 000 

* Values obtained on da\ f'ollowing transf'ueion . 
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TABLE III 

Plasma ;:::;1ectrolJ' te Leve ls of' Uni ts of' Donor Blood 
Used in Exchange TrarIBfus ions 

Case Donor age Sodium Potassium Calcium No . Bottle (Days ) (meq ./1.) (meq . /1.) (m eq ./1.) 
I A Fre sh 165 4. 3 4 . 5 

II A 2 - - 3 .4 B 2 136 5 .4 3 . 7 
III A 4 134 10 . 7 3 .9 B 4 134 7.4 3 .9 
IV A 1 154 9 .3 4.6 B 1 

V A 4 1,58 8 .8 4.4 B 4 152 13 .0 3.1 
VI A 1 170 5 .5 4 . 3 B 1 142 4 .9 

VII A 1 154 4 . 3 2 .8 B 1 152 4 .6 3 .0 
VIII A 2 148 5 . 1 4 . 1 B 2 148 6 .o 4.5 

IX A 2 146 6 .2 4 .5 B 1 142 5.3 3.6 
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RESULTS A~:D DISCUSSION 

All of the infants survived the transfusions and were in satis­

factory condition at the close of the procedure. Case II developed 

a brief pe riod of cyanosis preci pitated by vomiting and possible as pira­

tion, but this was rectified r apid ly by suction and oxygen ad,11 i nistra­

tion . No othe r untoward event s of any significance occurred during 

the transfusions . One i nfcnt (Case IV) subsequently died of a cause 

unrelated to the erythrobl astosis and exchange transfus ion (meconium 

ileus with perforation of bowel) . A few of the infants r equ ired 

small s i mple blood transfus ions l ater in their hospi talization or at 

subsequent hos pita lizati ~ns to cor rect anemia, but none of them received 

a se cond c om pl et e exchnn; e transfusion . No compl ete foll0\1 - up inf'orma­

tion i s available as to ·1hether any of the infants sustained cerebra l 

damage, but no such signs we r e evident at the time the patients were 

dis~issed f rom the hos pi tal. 

Se rum Electrol.Y!:!es . 

1. Donor Blood. Tabl e III ( p. 15) lists the plasma electrolyte 

va l ues of the uni ts of blood used i n the exchange transfusions . 

The r anges of normal for the se electrolyte s for the UNH Labora tory 

a re as follows : sodi um 153-152 ~eq ./1., potassium 5.7-5.6 meq ./1. 

and calciur:i 4.5-5.5 meq ./1. (9-11 mg . ~s). The pl asma sodium levels 

we re variable with no pa rticular s i gnifuance being placed upon these 

va riat i ons . Se ven of tre se venteen units exhibited elevat ed potassi um 
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concentr<:!.tions , but only "c-wo of these were above 10 meq . /1. It is 

noted that all fou r uni ts ,·1hich had been stored four days had elevated 

potassium levels, and eve~ one of the day old units (Case IV) had a 

plasma potassium of 9.5 meq , /1. 'Jhile most of these potasoium ele­

vations were not enough to cau se any : reat concern, they do point 

out tho rapidity with which plasma potassium may ri se in stored donor 

blood and the va lue of using as fresh a unit ao possible •. The calcium 

concentrat ions :·1e re &t tr..e lm1er limits of nor.cal or belO\·T . The se 

lm·1 levels :nay be only apparent, possibl y because of the high citrate 

concentro.tion interfering: with the complete preci pitation of calcium 

as oxalate in the laboratory det::r.:1ination . 

2 . Serum Sodium. There were no significant fluctuations or abnor­

malities of the serum sodium concentr~tions in the nine infants, either 

before or during the excranbe transfusions . Serum sodium levels at 

the start of the procedures varied from 156 to 154 meq . /1 . Sodium 

concentr2.ti ons at the ti.';.' e of \'lithdrm'lal of the l ast blood sa'llples , 

usually close to or at tbe end of the exchange, va ried from 134 to 

150 meq . /1. The greatest differential beti'reen the concentrution at 

the beginning and the em. of the procedure for any one individual was 

c meq . /1 . , an insignific~nt difference . 

5. Scrum Potassium . s has been ' mentioned earlier , elevated se rum 

potass ium concentrations may occur not only during the course of an 

exchange transfusion due to the administration of hyperkalemic donor 

blood but may be pr esent at the onset of' the exchange . Potass ium 

level::, on the nine infants at the beginnini; of' the exchange t r ansfus ions 
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varied from 3.6 to 6.1 meq ./1. Only one (Case II) had an elev~ted 

potassium concentration (6.1), t~e next hiEhest vulue being 4.9 meq ./ 

1. That one elevation may not h::i.ve been valid, since the next s8.!!1ple 

,ms recorded as 5.2 meq . /1. and s.t no time during the remainder of 

the exchange did the serum potassium rise above 5.5. Possibly hemo­

lysis of' erythrocytes in that parti cular blo od sample ac counted fo r 

the high va lue. fei1 i colated samples from some of the other patients 

were found to have elevated pote.s ~ium concentrations, whe r eas the 

s8.!nples taken before and af'ter these particular samples had consi­

deru.bly lower values . These also probably represent abnormally high 

potassium levels produced by erythrocyte he~olysis in the specimens . 

Disregarding the ~ew isolated spec i mens just mentioned , none 

of the infants developed hyperkalemia during the transfusions . Cases 

III, IV and V, all of whom received units of blood uith moder.::.tely 

elevated potassium conce~tra tions in the pl asma (see Table III), 

began with potassium val...ies of 3.8, 3.£ and 4.9 !'lleq/1. and ended with 

values of 4.5, 4.2 and 4 . 2 meq . / 1. respectively . These are insigni­

ficant changes . For the whole group the ranr;e of serum potassium 

concentration at the time of the taJrin~ of the last blood sample was 

3.6 to 5.4 meq . /1., all within the normal limits . One patient (Case 

I) developed hypokalemic levels of .3 . 1 and 3.2 meq . /1. midway through 

the procedure , but the concentrc.-tion rose to 3. 7 by the end . An 

explanation for these l ow concentre.tions is not readily a:par ent . 

No electrocardiographic signs of hypoka l emia appeared during this 

period . 
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4. Serum Calcium . Levels of serum calcium during the exchange 

transfusions are depicted for each infant in Graphs A through J . 

These values are for total serU!ll calcium and unfortunately do not 

~easure the physiologically active fraction- -the ionized calcium . 

As one might expect with periodic. injecti ons of calcium gluconate , 

the total calcium concentr ~tion gradually rose in each of the infants 

during the procedure. Se rum calcium concentrati ons at the onset 

of the transfusions varied f ro~ 4 to 5.8 meq . /1 (8 to 11 . 7 mg . %), 

t his r ange being a little wider than the re ported normal range . 

The levels at the time of withdrawal of the las~ bl6od samples 

varied f rom 5.4 meq . /1. (in the infant receiving only one unit of 

blood) to 7 .4 meq . /1. The increase in serum ca lcium in Case I was 

1 meq . /1., whereas the increa se in the rest varied from 1.1 to 

2 . 5 meq . /1. (2 . 2 to 5 r..;g . %) . The one inft..nt (Case IV) whi ch received 

0 . 2 gm . of calc ium glu conate 1,er injection had the most r apid ri se 

in calcium, the conc entrc.tion rising 2.5 meq ./1 follo •:ring 700 .nl. 

transfusion and seven injections . Cese VII, whL.e having its 

concentration ri3e a slightly greater amount of 2.5 meq . /1 . , received 

ten injections in 900 ~ l . transfusion. 

Since the total serum calcium does not measu re t he ionizable 

portion, it i s of no va lue in evaluating the pres ence or absence 

of a hypocalcemic effe0t upon the infant 1 s physiology (indications 

of the presence of hypocalcemia in the presence of these rising 

total serum calcium co~centrations wil l be discussed later) . How­

ever it is of interest to obs~ rve the degree of ri s e in the total 

calcium produced by the pe riodic calciu~ gluconate injec tions . 
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Electrocardiographic Tracings . 

1 . Heart Rate . The fluctuations in heart rate for each infant 

during the exchanges are deDicted in Graphs A through J . The r a tes 

at the be ginning of sach tr~nsfusion varied from 110 to 145 beats 

)e r minu t e . One hundred be&ts pe r minute was the slO\·rest r a te 

recorded by any of tt.e infants during the procedure and 190 the most 

ra pid . No changes were noted in the ra t es taken during injection 

of blood as corn pared to withdrawal of blood . 

ypica lly the heart r ate would gradually ri oc as citra ted blood 

was inj ected and then abru rtly f all with t he injection of calciw:n 

glucona t e . Out of a total of 67 injections of c alcium , 47 were 

accompanied by a decr~ase in he art rate, 38 of these being drops of 

10 or more be a ts pe r ninu te and some being drops of ao much as 40 to 

70 beats pe r ~inute . Ten injections produced no change in the heart 

rate and ten \·rnre acc ompanied by incree.ses in the hea rt ra te , a ll of 

a minor degree . In some of the ;:&ticnts (e . g . Cas es III and V, 

Gr aphs C and E) t he r esronse of the heart r ate to calcium was quite 

drao.atic while in others (e . g . Cases IV, VI and IX, Gr c.phs D, F a nd 

J) the r esponse was ~inima l . 

In one instance (Case VI, ~raph F) the heart rate fe ll to the 

a bnormally low l evel of 100 b.?ats pe r ;j'.J inute and calcium inj ection 

increased the r ate to 120 . Oberst (10) has pointed out tha t both 

abnor mally hi gh and 1011 he art r a tes may be indications of the need 

fo r calcium gl uconate . Apµi.r ently the fonner is mu ch mor e c ommon . 

Another generality which might be observed from these he (;.rt 

r ate curves is the tendency fer the rate to stabilize during the 
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course of the procedure . During the first few hundred ml. of infusion 

the rate often climbed to quite high levols-- 180 to 190 beats per 

minute - -and the drop in rate follo,ring cc:. lcium gluconate injection 

was large . Later in :iany inatances the he.._. rt rate res ponse to 

calcium was considera::>ly less and the average heart rate 6radually 

decreased . Cases II,V and IX (Gra ~hs B, E and J) show va riations 

of this general stabi~izing tendency . 

lthough typical:y a ri se in the hea:rt rate to 160 or more 

beats per minute indicates the need for calcium injection and ad.mini ­

stration of same \·Till produce a fall in tho rate, this is not always 

true. One cannot depend upon this as being an infalliable sign to 

indicate the need of the infant for additional cal cium; this is 

clea rly shown by some of the se heart rate curves . Case IX (Graph 

/ J) depicts this especially well. Initially the typical drop in 

heart rate with calciu..:1 injection tms noted . Then during a 300 

ml. period in which no calcium was given the heart rate did not rise 

but rather gradually decreased to 120 per minute . ,·/hen calcium was 

finally given there \·TB<l a small increase in the rate to 130 , and 

subsequent calciu~ injections in this patient were e.ccompanicd by 

very ~inor changes in the heart rate. Other findings (see Q- T 

Interval) during t his ~00 ml . period indicated that the patient 

was hypocalce~ic in s pite of the lack of heart rate r~sponse . 

2 . Q-T Interval . The calculated Q- Tc intervals on each of the 

infants are also depicted on' Graphs A through J . Often the Q- T 

interval could not be measured, either bece.u se the T wave v1as 
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isoelectric or because the T ·rave was obscured by muscle tre:nors 

or other extraneous factors . ny small shifts in the T wave vec -

tor during the cour se of the procedure could poss ibly produce an 

apparent change in the lengt h of the T wave (thereby affecting the 

measured ~- T) as noted upon a single lead tracing, as taken during 

the procedures, \·1hereas if several lead tracings ,-1e re available one 

could be certain wheth -e r any such change ,·rere real or apparent. 

In these cases there was a generally rapid heurt rate and wide varia­

tions in the heart ra tJ, both factors \·rhic h possibly decrease the 

accuracy of the forrnul£.. for calculating Q,-Tc . In vie ,-.r of the above 

mentioned factors the calculated ~-Tc intervals as depicted in Graphs 

A t hrough J can be com idered as only rou gh approximations of v1ha t 

was ha ppening to the electrical systole of the heart . 

l most all of the infants mani fested prolonged Q- Tc intervals 

at so;11e time during the exchange transfusions (u ppe r l i mit of normal 

fo r children is O .405 second) . Only in Case IV (Gra ph D), in vrhich 

0 . 2 gm . of calcium glucona.te vras given in each inj ection, was the 

-Tc well below the up re r limit of normal. No lo,rer limit o:::' normal 

has been defined for the Q-Tc interval, but the va lues in thi s patient 

,.rere consistently below the so-calle::l normal value of 0 .375 second 

(Ashman and Hull , 11}) . Thus there is a suggestion that this infant 

.:night he.ve been exhibiting hypercalcemia . At l eas t in this pati ent 

it appear s that the a~~inistration of 0 . 2 go . of calcium gluconate 

per 100 ml . of citrated blood was a large r dose than neces sary to 

counteract the hypocalc emic effect of the citrated donor blood . 
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On the other hand , giving 0 . 1 gm . of' cal cium gluconate pe r 

100 ml. did not prevent the other infant s from developing prolonged 

- Tc intervals , Case V (Graph E) being the only possible exce ption . 

In that patient, trhen the Q.- T interval could be !!leasu red, it remained 

below 0 .40 second except for one occasion early in the transfusion. 

Case VI (Graph F) had a pers is tently pro longed Q- Tc interval throu gh­

out the times it could be measured in spite of pe riodic calcium 

injections . Most of the r est of the infants had Q.- Tc interva ls 

which fluctuated above and below the upper limit of normal, in 

general staying near thut level . It i s interesting to note that 

in the series of ECG tracings reported by Gustafson (25) , in which 

the infants received 0 . 2 gm . o~ calcium glu conate pe r 100 ml . of 

infu s ed blood , no prolongation of the ~- T interval was noted, whereas 

in the study of Joos, Yu and Mille r (26), in which 0.1 gm . Nas 

injected per 100 ~1. , all but one case had some prolongati on of 

the Q- T interval, f indings so.:newhat similnr to those observed in 

this group of patients. 

Usually the injection of calcium gluconato would shorten the 

-Tc interval whether er not it had previously be en prolonged . 

Of the 47 injections of calciu.:n in \·rhich Q.- T interva ls could be 

measured before and after injections, the interval shortened in 

~4 cases, lengthene:i' :in 3 ( each only O .01 sec ondf-- an insignificant 

change) and showed no change in 10 cases . Thus it woJld seem that 

the lengthening of the Q,-T intervals was produced by lowered ionized 

serum calcium which wa; r ectified by t he administration of calcium 
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glu conate , even though the tota l se r um ca lcium l evels were gr adu ­

a lly ri s ing during the ~r ansfus ions . The prolongati on of the Q- T 

occu r red in the S- T segnent, as has been previously re rorted as 

being a sign of hypocnl cemia . 

Case I X (Graph J) reveals what can hap pen if calcium is not 

injected with every 100 ml . of blood . ring the 300 ml. pe riod 

in which no calcium glu conate was given the Q- Tc r ose to and remained 

a t a s i gnificant l y prolonged level--0 .46 second . Subsequent injec­

tions of ca lcium shortened the i nte rva l but we r e not sufficient 

to bring it belmr O .40 se cond . It has already been mentioned that 

in thi s pati ent the hea rt rate was no he l p in indicating the need 

for ca lcium. Nor did the i nf~nt become cxces civ el y irritabl e during 

the 300 ml. pe riod wher no calcium was given . 

3 . T ':lave . No consistent T ,.-,ave changes ,,.,ere oboerved du ring the 

transfusions . In t wo cases (II and V) t here ·.ras inversion of the 

T wave begi nning short::.y after the start of the proce du r e . In Cas e 

II the inv ers i on pcrsi&t€d to the end so that there was an ahnost 

18u0 shif t i n the T wave vector , being /- 90° at the be ginninr: and 

- 85° at the end . I n c'3.se V t he inv er s ion pe rsi sted until the las t 

third of the exchange , at whi ch tLne the T wave becc.me isoelectric 

and at times eve n sli;;ht ly upright . I n both cases tho T ,rave became 

de epe r and ~ore pointed durin6 each 100 ml . of infusion and tenpora­

rily returned close r to the base line following each calcium injec­

tion . In one other irf'ant (Cane I V) there was no shift in the T 

i·fave vector between tracings before and af'ter the transfusion but 

24 



there was a s i milar fluctuati on in the ampli tude of the T 'iTave 

before and after calciu~ injec t i ons . ( Since only one lead was 

being f ollowed in cc.ch case during the transfusion, one cannot be 

c ertain ,·1hether these tem-porf!ry fluctuations i n he i ght or depth 

of the T -,;ave r er resented dec r ease i n amplitude of the wa ve or a 

shift i n its vector). 1fo significant chan8es or abnormali ties 

of the T :,ave \·rere noted in the other s i x cases . 

n explanation for these T wave changes is not readily available . 

Bellet (22) has reported that r uave inversion can occur with hypo­

cal cemi a . Fu r~an (24) re ported some of his patient s as having 

i nversion or l owering cf the T wave at the comple tion of the trans­

fus ion. Joos (26) has re:-orted loweri ng of the T wave i m . .:1 ediate ly 

following calc i um i njecti on. Neve rthele s s it i s difficult to r elate 

the T wave changes not~d i n Cases II and V directly to hypoca lc emia. 

If ~- T prolongation is a valid sign of hypoca lc emia, then one mi ght 

expect these T changes to be nore evident i n some of the other pa­

ti ents in which the Q.- ': was more prolonged . The fluctuations in 

amplitude of the T wav! r1i th the ca lcium inj ecti on, however , would 

seem to have some relationship to the ser um calcium concentra tion . 

Invers i on of the T wave could be a gene r a lized isc hemic eff ect . 

Case II did have a bri d' peri od of cyanosis following an epi sode of 

v om.i ting, but the T wave i nve rsion appeared before this episode 

and did not s i gnifican~ly change at the time of the cyanosis . If 

the T wave invers i on were due to i schemia, then it would be hard to 

explain why each inj ec t i on of calcium Nould l essen this inversion. 
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4. Other Electrocariiographic Findings . Irritability of the 

infant has often been used as a criterion for the need for calc i um 

administrati on during an exchange transfusion. Thi s irritability 

manifests itself u pon the EOO by the appearance of irregu larities 

in the base line prod~ ced by the electrical ac tivity of mu scle 

tremo r s . Sometimes t re se tre~ors are noticeable on the ECG before 

one can clinically obs erve t hem in the patient . In a pproximate ly 

one-third of the instenc es i mned i ata l y prior to calcium inj ection 

t hes e mu scle tremors could be seen, only to disappear upon giving 

the ca lcium. The tremors were more apt to be seen at tho s e times 

in which the heart rate ttas high (160-180 beats pe r minute) prior 

to calcium administration and slowed conside r ably i mmediately fol­

lowing the injecti on of ca lcium . Since muscle activity normally 

pr oduces an incre~se i n the heart rate , this correlation is not 

su r pris i ng . However on sever a l occasions the pattern of high heart 

rates being s lowed considerably uith ce. lciwn i n jection was seen 

in the absence of mus cle tremors, so one cannot attribute the heart 

rate fluctuations entirely to the presence or absence of muscle 

tremors . 

Only a few other e. cattered find i ngs we r e noted on the trac ings . 

No arrhythmias developed . No si gni f icant change s occurred in the 

P wave, P-R interva l or Q_qs complex . Two infants (Cases II and VII) 

exhibited decreases in amplitude of the J compl x with no change 

in vector direction. In Case II the de crease occurred i !!Lnedi at ely 

following the period of cyanosis and in the other the decrease occurred 
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gradually . AU wave wi::ts present both before and during the 

exchange transfusion in Case IV and was not altered by the proce­

du re or the calcium injections. 
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SUMMARY 

Complete exchange transfusion has been an accepted method 

of treatment of erythroblastosis fetalis for the pas t decade . 

dith the wealth of experience now available concerning this pro­

cedure , the dangers i~volved have been reduced considerably. How­

ever the exchange tra~sfusion, in which most of the infant's blood 

is replaced by donor blood, is by no means innocuous . The citrate 

in the donor blood combines with ionized calcium in the infant ' s 

blood and thereby tenJs to produce hypocalcemia . It has been recom­

mended that peri odic intr a venou s injections of ca lcium gluconate 

(usually 0 . 1 ~ • per :oo ml . of infused blood) be given to counter­

act this effect . Another poss i ble source of danger is hyperkalemia . 

Some erythroblastotic infants have elevated serum potassium concen-

trations before treatment. s citrated blood i s stored its plasma 

potass ium level [; r adutlly rises, someti:::ies to as much as 15- 20 

~eq . /1 . If old blood is given to the infant there is a l arge potas ­

sium load which he must attempt to handle. 

Previous studies on EOO tracings taken during exchange tr~ns ­

fusions have shown oirns of hypocalcemia (prolonged ~- T interval, 

muscle tremors, r apid heart rate) which were reve11sed by the a:imini ­

str ation of calc ium gluconate . St udies made on serum electrolytes 

du ring the trans~uoior~ have revealed no significant changes in 

se rum sodium concentrations. ~otal seru~ calcium r emained normal 
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or so:newhat elevated in the pr ~s ence of ECG evidence of hypocal - ­

c emia . Many of the infant s who rec eived hype rkalemic blood were 

able to handle the extra load of potas s ium and remain normokalemic, 

but some could not and 1eveloped modera tely elevated serum potas­

s ium concentra tions . 

The materia l r eported in this paper was obtained from nine 

infants with erythroblaa tosis on an Rh inco!'.1patibili ty basis who 

were treated with exchange transfusion a few hours after birth . 

11 but one of the infs.nts r cc ei ved two uni ts of citra ted blood 

in the procedure and all :.he uni ts 1.·rerc les s t han five days old . 

Blood samples ~1ere tb.k:en from es.ch donor bottle , from each patient 

at t he start of the trcnsfusion and prior to each injection of 

calcium g luconate . cl odium, potassium and calcium conc entrati ons 

we re determined on t hese samples . six- lead ECG tracing 1·1as taken 

on each infant before end after the transfusion and one lead was 

r ecorded pe riodic c. lly duri ng the procedure . 

All the infant s su rvived the transfusions in satisfactory 

condition although one died severa l days later of an unrelated 

cause . lfo repee,t exchcn[ es were done but so:ne of the patients 

eventually needed addi t ional simple transfusions f or the correc­

tion of anemia . 

Serum sodium conc c.ntrat ions r emained stable and withi n normal 

limits . Hype r potas semia did no t develop in any of the pati ents , 

even thou gh oe ve ra l of them r eceived donor blood with ~ild to mod­

erate elevati on of the plasma potass ium (highes t donor plasma 
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concentra tion was 13. 0 meq ./1. ) . The total oerum ca lcium concen­

tration gradually rose in all of the pati ents, the total increase 

va r ying from l to 2.5 ~eq ./1. These , ri ses occurred in the face 

of other evidence indicating the presence of at least inter~ittent 

hypocalcemia . 

Usually the heart rate would gradually increase as citrated 

blood was transfused, so~etimes to abnormally high rates (160-190 

beats pe r minute). ·;/ith the acLninistrs.ti on of calcium gluconate 

there would then be a prompt but temporary decrease in the r ate . 

arely calcium inj ection might also cause an abnormally loi1 heart 

rate to increase . .1hen present , the rising heart r ate was a help­

ful guide for the need fo r calcium. Some patients showed marked 

res r onses of' t he hec..rt r ate to ca lcium, others only minimal changes. 

There were enough instances i n which the typical heart rate response s 

did not oc cu r to indicate that one cannot follow that alone as a 

criterion for need for calciui!l . There \·Jas also noted a tendency 

for the heart r ate to stabilize some\1hat as the transfusion progressed. 

The one infant who received 0 .2 gm . of calcium gluconate per 

100 ml. of blood exhibited short Q- T intervals on the ECG tracings ; 

in fact they mi ght have been indicative of the presence of hy.pe r­

calcemia . All the other pati ents, who received 0 .1 gm . of calcium 

gluconate per injection, had at one or more times during the trans-

fusion prolonged Q- Tc intervals. n most occasions injection of 

the calcium shortened the inte rva l, but not always to Hithin nor­

ma l lii11its. The prolongat ion of the ~- T occurred in the S- T segnent . 
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The presence of mus cl e tre~ors and irritability of the patient 

was sometimes an i nd ication fo r the need for ca lcium administration . 

Prolongation of the ~- T oc cu rred more often tha.n the appearance 

of the mus cle t remors . The typical ri se in heart rate followed 

by sharp decrease with ca lcium adminiotrution was apt to be pres ent 

with the muscle tremors . The tr emors disappeared promptly with the 

injection of ca lciu~ . The pr esence of muscle t remors appears to 

be an even leas dependabl e criterion for the need fo r calcium t han 

is the rise in he art rate. 

Other electrocardiogra, hic findings were minor and scattered. 

In two cas es there was an i nve rs ion of the T \vave, and in t hese 

two plus one other ca se t he a'!l pli tude of the T wave diminished iii th 

each calcium injection . 
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CONCll.JSIONS 

1 . This is a report of a study made on nine erythroblastoti c 

infants (Rh incompatibility) uho were treated with exchange trans ­

fusion Ni thin a few ho·Jrs after birth . Serial electrocardiographic 

tracings were t a1ren during the transfusions and periodic blood 

samples were saved £'or the de te rmination of electrolyte concentra­

tions . 

2 . No significant alterations v1ere noted in eithe r the serum 

sodium or potassium concentr&tions . ·o rise i n serum potassium 

developed in any of the patients , even in those who received donor 

blood (none older thar £'our d~ys) containi ng mild to moderate plasma 

potass ium elevation. 

3. Total serum calcium levels rose gradually during the pro­

cedures and were of nc va lue in following what was happening to 

the ionized fraction- -that portion which is physiologically active . 

4. The heart rate of the infant was a helpful but not infal­

lable aid in determining the need for calcium administration . 

Usually it would ri se as citruted blood was f iven and then temporarily 

fa l l i :nnediately following the injection of calciu!ll gluconate . 

There was considerab l ~ variability of the degroe of heart rate 

res ponse to calcium between individuals and also within the same 

indivi dual . 
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5. All but one il#'ant developed prolonged Q-Tc intervals

on one or more occasions during the transfusions, the prolongation 

occurring in the S-T segment. The one exception was an infant 

who received 0.2 g;:n. cf calcium gluconate per injection and had 

short q-Tc intervals, fossibly indicatige of hypercalcemia. All the 

others received O.l gn. ot calcium gluconate per injection. Although 

this was not enough to prevent some prolongation of the 

Q-Tc , in the majority of instances it kept it near the upper limit

of nonnal even when prblonged. 

6. The presence of' muscle tremors as noted by irregularities 

of the base line in the EOG tracing was another indication of' h7Po­

calcemia. These did not appear as often as either the he·· rt rate or 

Q-T changes. 

7. In perf'orming exc�ge transfusions, one should use as 

fresh a unit of' donor bl.ood as possible to avoid any chance of the 

developnent of byperkt.lemia. To guard against. the d.evelopnent of 

citrate-induced hypocllcemia, at least 0.1 gm. of calcium gluconate 

should be given per ll)O ml. of transfused blood., and more may be 

necessary. No one cl�nical sign or combination of signs are 

reli­able enough to alwaya indicate the presence of hypocalcemia 

while still mild; therefor� the recommendation is made for periodic 

injec­tion of calcium regaidless of the absence of clinical signs 

indi­cating its need. 
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