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ABSTRACT

Highly water solubles stable salts of a dysprosium diethylene- 
triaminepentaacetic acid complex have been prepared and isolated in 

high purity. Furthermore, these have been partially chemically 
characterized by infrared spectroscopy, acid-base titrimetPy, solubil

ity testing, osmometry, viscosity measurements, proton induced x-ray 

emission spectroscopy, thermogravimetry, and atomic absorption spec

troscopy.
The acute cardiotoxicity of these salts has been investigated 

in rabbits under conditions of cardiac catheterization, using right 

ventricular and atrial pressure changes and electrocardiographic 

changes as indices of toxicity. The principle acute toxic manifesta

tion of these salts is a transient hypotension, the intensity of which 

correlates well with the type and molarity of the associated cation.

The sodium and meglumine salts were least toxic.

Roentgenographic trials showed the complex salts to provide 

adequate x-ray opacity at 1.5 and 2.0 molar dysprosium concentrations.

Viscosity dependent delivery rate was the major limitation in achieving
v ■

high contrast images.
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INTRODUCTION

When Willhelm Roentgen announced his discovery of the x-ray in 

the late 1900's, it was realized that if materials opaque to these rays 

could be introduced into body cavities, greater utility could be 

derived from this new diagnostic aid. At first solid insoluble objects 

were used to observe gastrointestinal phenomena. Shortly thereafter, 
water soluble inorganic chemicals containing bismuth, barium and lead 

were used for enhancing the contrast of other body cavities. While 
the principal application of these was also for visualization of the 

alimentary tract, anatomists used these agents in cadavers to demon

strate vascular anatomy (1, 61). With the notable exception of 

barium sulfate, which is still used in gastrointestinal visualization, 

it was soon realized that the toxicities of all these agents were too 

high to merit their continued use. Consequently, investigators 

continued their search for less toxic compounds. Attention shifted to 

iodine containing compounds since iodine was sufficiently opaque to 

give good images when used in high concentrations.

Among the first of the iodine containing contrast agents were 

sodium iodide and iodinated oils. Both of these proved adequate for 

visualization per se but again toxicity was a problem since both of 

these released free iodide. The development of organic compounds 
containing covalently bound iodine resulted in suitable x-ray contrast

1



media that were both relatively non-toxic and highly water soluble 
(1,33,61).

Despite the fact that iodinated contrast media are successfully 
used today for imaging the vasculature, other agents including heavy 

metal chelates have been investigated for this use because of the 

excellent x-ray opacity of the metals (11,44,52,53,54,58,60,63). 

However, other properties must also be considered when designing 

intravascular media. These include: 1) maximum opacity to x-rays,

2) pharmacological inertness, 3) high water solubility, 4) chemical 

stability, 5) selective excretion (in some cases), 6) low viscosity, 

and 7) minimal osmotic effects (31).
Investigations in the use of metal chelates have centered 

around the polyaminocarboxylic acid ligands such as EDTA. Ethylene- 

diaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid 

(DTPA), and triethylenetetraminehexaacetic acid (TTHA) (Figure 1) are 

each members of an homologous series of the polyaminocarboxylic acids 

which have high affinities for metal ions and form extremely stable 

water soluble complexes. The principal metals that have been studied 

in connection with these ligands are lead, bismuth, and uranium.

Synthesis of Metal Chelate Contfast Media

The early reports concerning the synthesis of metal complexes 

for use as contrast agents are not detailed. Shapiro and Papa (58) 

describe a technique for preparing PbNa2 EDTA by combining a concen

trated solution of Na^EDTA and equimolar amounts of lead chloride 

followed by cooling which resulted in precipitation of the complex.
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HO„CCH? CH CO H
N-CH -CH9- N x  

H02CCH2 CH C02H

Ethylenediaminetetraacetic acid 
(EDTA)

HO C C H _ ^ CH CO H
/ h c h-c h7n c h2c h9n

HO-CCH | X CH CO-H
CH2CO H

Diethylenetriaininepentaacetic acid 
(DTPA)

c h9c o7h
HO CCH7 \ Z Z CH CO H

J;NCH7eH.NCH7CH NCH9CH7N ^
HO CCH.f | X CH CO H

CHgCO H

Triethylenetetraminehexaacetic acid 
(TTHA)

Figure 1. Structures of polyamiiiocarboxylic acid ligands 
considered for this project.



Their working solutions were clear„ stable, pH 7.0-7.2, and colorless 

at a 34% concentration. Smith and Ragan (60) report precipitating 

uranium hydroxide from urahyl nitrate with ammonium hydroxide, washing 

the precipitate, and dissolving it at pH 3-4 with DTPA. The pH was 

subsequently adjusted to 7.28 with sodium hydroxide. They further 

report using a slight excess of DTPA to minimize free metal ions. 

Sapeika (54) purchased his lead EDTA complex (sequestrol-lead NA2) and 

states that it "is a white odorless powder which is very soluble in 
water and being unionized, does not give the usual chemical reactions 

of ionized lead." Furthermore, "the solution is clear, stable to 

light and heat, not unpleasant to taste, and not irritating in high 
concentrations. The pH of a 50% solution is 8.0." The other 

investigators either procured commercial preparations or prepared 

their own with no reports of methodology. It is reasonable to assume 

that their methods were similar to Sapeika*s and Smith and Ragan’s.
The characteristic feature of these preparative procedures is 

that the complexes were not generally isolated as solids and no 

characterization results were given for the compounds themselves. The 

most likely explanation of this, is the fact that the complexes are 

very water soluble and isolation is extremely difficult. This 

becomes an even greater problem as one proceeds up the homologous 

series of polyaminocarboxylic acids. The usual methods of concentra

tion followed by precipitation upon cooling are not generally 

successful and it is difficult to find a solvent miscible with water 

in which the complex is not soluble.
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Early Experiences with Metal Chelates as Contrast Agents

The first application of metal chelates to roentgenographic 

studies appears to have been made by Sapeika when he reported using 

lead EDTA in animals and man (52,53,54). His first report appeared 

in the relatively obscure South African Medical Journal and apparently 

went unnoticed by most of the world. In 1955, he reported his 
findings in the British Medical Journal regarding the application of 

this agent in man (54). In this paper he presents radiographs and 

subjective reactions to the oral, intravenous, and intranasal admin

istration of the disodium salt of lead EDTA to several human subjects. 

In general, Sapeika reports that the lead complex provided excellent 

visualization of the GI tract, kidneys, and nasal sinuses with 

minimal discomfort or toxic reactions. The principal adverse reactions 

noted were pain at the site of injection and along the course of the 

vein, in one case abdominal discomfort (which may have been due to 

the subject's illness), a change in fecal color to black which per

sisted "for a few days", and in another case, hematuria indicative of 

intravascular hemolysis. Sapeika attributed the blackened stools to 

enzymatic cleavage of the complex leading to the formation of lead 

sulphide.
The next report concerning the lead EDTA chelate brings out 

the importance of reporting one's investigative results even if they 

may have been disappointing. Apparently, Clark and Tomich had 

recognized the potential of the chelate for radiography as early as 

1953 (11) but had not felt compelled to report their results until



prompted by Sapeika’s article appearing in the British journal. These 

investigators report that they had determined the toxicity of lead 

EDTA to be too high in mice, rats, and rabbits to merit further inves
tigation. Acute intravenous LDSO's were determined to be 3.5-4.5 g/kg 

in two strains of mice. In addition, excretion studies were conducted 

in rats after oral, subcutaneous, and intraperitoneal injection and in 

rabbits following intravenous administration. Elimination of lead 

over a four day period ranged from 75% to 100% in rats (dosed at 100 

and 500 mg/kg), with intraperitoneal administration yielding the 

lowest and oral the highest elimination. The studies in rabbits (100- 

1000 mg/kg, iv) were complicated by paralysis and death Occuring from 

24 hours to seven days after administration. In survivors, urinary 

excretion ranged from 71% to 87% and fecal excretion from 2% to 5%. 

Histopatholog'y revealed only slight renal damage in the rats and 

hepatic, renal, lung, and liver damage in rabbits. No definitive 

cause of death was given for any of the species.

These investigators ascribed the stool blackening reported by 

Sapeika to displacement of the EDTA ligand by sulfides rather than 

enzymatic cleavage.

Tjernberg next reported studies of the toxicity and roentgeno- 

graphic applications of lead EDTA (63). He states that Clark and 

Tomich's paper appeared just as his own studies were approaching 

completion and points out that their studies were too limited to 

provide definitive information upon which to rule out the potential 

clinical usage of lead chelates.
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Following Sapeika’s lead, Tjernberg used 25% and 50% solutions 

(0.259 and 0.517 g/ml PbNa^EDTA, respectively) of the lead EDTA 

complex for his x-ray and toxicity studies in rabbits and mice. His 

report again verified the excellent x-ray opacity of the solutions and, 
in rabbits, evidence of pain at the site of injection. Also, in mice 
dosed intravenously at 0.2 ml/10 g, circulatory disturbances resulted 

in gangrene development in the tip of the tail. Similar to Clark and 

Tomich's findings, Tjernberg noted that rapid elimination of the 

chelate occurred during the first two days following dosing. However, 
he carried his experiments much further and found that total elimina

tion of the body burden of lead took from three to eight months and 

that during the first three weeks, the amount of lead retained was 

proportional to the dose.

In agreement with Clark and Tomich’s results, Tjernberg 

concluded that the lead EDTA chelate was toottoxic for clinical consid

eration. In addition he presented calculations showing that at low pH
—  +2and in the presence of competing ions such as Cl and Ca , the degree 

of dissociation of the complex is significant.
The subject of water soluble metal chelates as contrast media 

did not appear in the literature again until 1959 when two independent 

groups published their results with PbE^EDTA, PbUa^DTPA, and PbNa^- 

2,1-triaminocyclohexanetetraacetate and BiDTPA. Shapiro and Papa (58) 

dosed cats, rabbits, guinea pigs and dogs intrapefitoneally, intra

muscularly, and intravenously. The acute iv LD50 in guinea pigs and 

rabbits was determined to be 800 mg/kg while the injection of 3 g/kg



in cats produced no overt effects. The injection of greater than 

800 mg/kg of the lead complex resulted in increased irritability, 

generalized convulsions, respiratory failure, and rapid death, all 

indicative of central nervous system involvement. Lower doses pro

duced hematuria and hepatorenal damage. Rabbits receiving 2 g/kg 
developed no acute toxic symptoms. Chronic feeding to rats for 21 

months produced liver congestion, pale swollen kidneys, and hemorrhag
ic lesions of the small intestine. Attempts to reduce the iv toxicity 

in rabbits by prior "saturation" of the bloodstream with CaNagEDTA 

were unsuccessful. They attributed the toxic mechanism to rapid in 

vivo dissociation of the complex as evidenced by the rapid onset of 

toxic symptoms.
Excretion studies by Shapiro and Papa, conducted in all the 

same species used for the above studies, reaffirmed prior reports that 

70-90% is excreted in the urine within 24-48 hr and the remainder is 

eliminated in the feces except for traces which remain in the body 

tissues.
Nalbandian, Rice, and Nickel (44) reported satisfactory 

imaging of the lungs, heart, and great vessels of dogs using BiDTPA 

but noted that the effective dose very closely approximated the toxic 

dose. Toxicity after administration of 1,12 M BiDTPA (0.2326 mg 

Bi/ml) and dilutions thereof (from 0.07-0.49 g Bi/kg) included bi

lateral hind limb paralysis and death. Autopsy showed only kidney 

damage consisting of mineral deposition within Bowman’s capsule and 

acute tubular epithelial degeneration and necrosis. These symptoms



were thought to be consistent with "Bismuth Nephritis" indicating the 

liberation of significant quantities of free bismuth. Attempts to 

reduce the intravenous toxicity by concomitant administration of 

calcium DTPA were unsuccessful«
A general disinterest in metal chelates as potential contrast 

agents persisted until 1966 when Smith and Ragan produced an Atomic 

Energy Commission report concerning their investigations of a 
uranium DTPA chelate (60). Injection of 20 ml of their solution into 

the superior vena cava of a 70 kg miniature swine produced immediate 

cardiac arrest. Concomitant administration of calcium gluconate 

ameliorated the extreme cardiotoxic effect but the dilution caused 

poor quality arteriograms. Consequently5 Smith and Ragan decided that 

the uranium chelate showed little promise for angiography.

Toxicity

It is appropriate at this point to discuss some of the pos

sible reasons for the poor toxicological performance of the compounds 

considered by earlier investigators.

The toxicity of the metal complexes can originate from a 

number of sourcess Some of which may result from inadequate purifica

tion of the preparation. Toxicity may be due to the complex itself 

or may result from free ligand or free metal which is present from an 

impure synthetic product. In addition, there is always a finite 

degree of dissociation of the complex in solution which gives rise to 

•free metal ions and free complex. The complex may also have free 

bonding sites available which can complex endogenous metals and upset
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an important metal balance (e.g., Ca ). Finally, there may be an

exchange between the chelated metal and an endogenous metal ion
resulting in a free metal ion concentration of the metal used in the

contrast medium. This exchange can be predicted from the relative
stability constants of the two metal chelate species. Failure to

recognize these potentials and other significant oversights by the
early researchers was probably responsible for the poor toxicological

performance of their preparations.

When choosing the metal ion, major emphasis must be given to

one with a very high stability constant and low inherent toxicity.

The earliest choices of lead were poor in these regards. Bismuth was
35.6actually an excellent choice, having a stability constant of 10

with DTPA (37). It is unfortunate that the investigators did not

pursue their studies further since their results were encouraging.

Unfortunately, when free, bismuth does have a fairly high level of

toxicity closely paralleling that of lead (40). The choice of a

uranium DTPA complex was very reasonable radiologically but was an ill

conceived choice chemically. The stability constant for this

combination is only 10^* . Calcium and magnesium have a greater

affinity for DTPA (3.0®*^ and 10^°^^, respectively) (37% and it is
+2most likely an exchange of Ca with uranium that accounted for the 

disastrous results with the agent.
Thus, overall, it seems that the preparative skills have 

been at least questionable in all past researches on metal chelates 

as contrast agents. This is typified by Smith and Ragan’s use of
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excess.ligand, a practice common to other investigators' attempts.
Such a practice surely invites disaster since all the chelating 

agents have considerable affinity for endogenous metals, particularly 

calcium. The synthetic methods presented in this thesis are believed 

to be a significant improvement Over past attempts.

Other Uses of DTPA Chelates
The most recent and popular uses of DTPA and other ligands 

have fallen into two areas, that of decorporation therapy in cases of 

poisoning by radioactive actinides and the converse, i.e., introduction 

of radioactive elements to visualize body structures (the skeleton in 

particular) using scintillation camera technology (3,5,9,10,12,14,30, 

32,45,50,55). In the main, these uses have involved the administra

tion of relatively small amounts of the agents over varying lengths of 

time. In decorporation therapy, the monocalcium trisodium DTPA 

complex is generally used over a period of 7-14 days in doses of 

approximately 1 g/day. Many different complexes utilizing metals such 

as ^Tc, /^Yb, "^^In, Cu, and Fe are used acutely in much smaller 

doses for sc into graphic studies. One significant aspect of investi
gations dealing with both types of agents is the recurring observation 

that greater than 90% of the complex is excreted in the urine during 

the first day following administration; the majority being eliminated 

within a few hours. Additionally, there has been no report of 

significant acute toxicity occuring with the doses employed (15,42,43).
The possibility of fetal toxicity and interference in DNA 

synthesis following chronic administration of CaNa^DTPA at doses up to
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thirty times the recommended dosage (1 g/70 kg/day) has been reported 
recently (4,18,21,24,38,62). This phenomenon has been ascribed to the 

competition of the administered chelate for endogenous zinc and conse

quently, the zinc chelate has been recommended to reduce the toxicity. 

This concept is the subject of some debate (35,67).

Toxicity of Rare Earth Metals,
Polyaminocarboxylic Acid Ligands, and Chelates

The reasons for concern over selecting metal ligand complexes

with high stability constants relate to pharmacological inertness and

chemical stability. While it was the intent of this research to more

fully elucidate the toxicologic nature of the complex chosen, the

possibility occured that the toxic nature might ultimately relate to

the metal or ligand used. Therefore, selection of a metal with low

toxicity was important. Also, since the DTPA molecule is a tenacious

chelator of many metals, including those endogenous to the mammalian

system, the possibility of metal ion displacement should be kept to a

minimum. This may be accomplished by choosing a metal ion that has a

higher stability constant with the ligand than that of the endogenous

metals. Chemical stability would also be of prime importance in the

"shelf life" of the agent.

Rare Earth Metals
The selection of rare earth metals for this study was based 

on the general consideration that they have a high x-ray absorptive 
capacity and the fact that reports are available to indicate a low 

order of toxicity for this class of metals.
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The pharmacology and toxicology of the rare earth elements has 

been reviewed by Haley (28). The acute lethal doses (LD50*s) of 

chloridess nitrates, and acetates of most of the rare earths have been 

determined in a variety of animals and by many routes of administra

tion. These values range from tens to thousands of milligrams per 
kilogram. Symptoms include writhing, ataxia, labored respiration and 

sedation. Peak death rates are usually 48-96 hours after administra
tion. Chelation (e.g., with EDTA or DTPA) tends to decrease toxicity 

and transition members tend to be less toxic than heavier or lighter 

elements.

Chronically, liver damage appears to be the most prominent 

feature of rare earth toxicity. In rabbits, yellow atrophy, central 

lobe necrosis, and perinuclear vacuolization have been observed.

Other changes have been seen:in hemoglobin, WBC, RBC, and differ

ential Count. These symptoms are after intravenous, intraperitoneal, 

and oral adminstration.
Rare earth metals are poorly absorbed after oral administra

tion. Intramuscular doses are better absorbed and are very slowly 

excreted in the feces. Intravenous dosing gives rise to localization 

in the liverj reticuloendothelial system, and skeleton. Absorption 

from parenteral routes is complete in four days and the elements 

La+  ̂through Sm+^ are found to be deposited to the extent of 50% in 

liver and 25% in bone. The elimination half life is 15 days but the 

skeleton retains two-thirds of: its initial burden. Fecal excretion is 

through bile and direct luminal secretion.
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All the rare earth elements, in both metallic and ionic form, 

produce irritation of the conjunctiva and abraded skin and this 

appears to be due in part to a metalloproteln interaction.

Salts of the rare earth metals cause a decrease in smooth, 

striated and cardiac muscle contractility that can not be restored by 

washing of the tissue. Most of these also cause systemic hypo

tension after intravenous administration which may lead to cardio

vascular collapse. Electrocardiographic changes consisting of 

increased P wave height, T wave inversion or elevation, ventricular 

fibrillation, and heart blocks have been reported. These later 

effects are not reversed by autonomic drugs (specific drugs are not 

given in the review) and do not occur when the metals are chelated 

with EDTA.

Ligands and Chelates
The chemical and biological characteristics of polyamino- 

carboxylic acid ligands and chelated forms have been rather exhaus

tively studied in many species and several reviews of these exist.
The following summary of the pharmacodynamics and toxicity comes from 

three of these (17,22,56).

The complexed and uncomplexed forms of EDTA and DTPA are 

poorly absorbed after oral, intramuscular, and subcutaneous adminis

tration. Therefore, they are virtually always administered intra-

vascularly. Rapid iv administration of the uncomplexed forms
+2results in rapid removal of free serum Ca leading to death via 

tetany. This effect is a result of the tenacious chelating ability of
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these agents for calcium, is dependent on rate of administration, and 

is abolished by prior chelation of the ligand to calcium or another 

metal with a higher affinity for the ligand than calcium.

The ligands and chelates are: rapidly excreted by the kidneys . 

by glomerular filtration and active secretion. Between 90% and 95% 

of an iv dose of aminocarboxylic chelates is excreted in the urine 
within 48 hours and usually within 24 hours. DTPA is slightly more 
slowly excreted than EDTA. Some exceptions to this high excretion 

rate are CoEDTA, FeDTPA,. FeEDTA, YEDTA and CrEDTA. The iron complex 
is excreted most slowly. Two to four percent of a dose may be 

excreted in the feces and is apparently via the bile. Using R e 
labeled compounds, it has been observed that virtually none of the 

material is metabolized and thus, excretion involves the intact 

molecule.
The principal toxic manifestation other than hypocalcemia is 

nephrotoxicity. Repeated administration of moderate doseS or 

massive single doses have been reported to produce severe hydropic 

degeneration of the proximal tubule and loop of Henle leading to 

desquamation and necrosis. The suggested cause of nephrotoxicity is 

release of the chelated metals vja displacement by endogenous metals 

and competition for the metals by body proteins (17). The nephro

toxicity of DTPA chelates has been disputed on the basis that the 

changes are minor and readily reversible (42,43). Other reactions 
reported have been thrombophlebitis (local), febrile reactions, hista- 

minic responses (e.g., sneezing, nasal congestion, and lacrimination),
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glycosuria, dermatitis, and hypotension. These later effects are 

relatively rare.

The cardiac.effects of sodium, calcium, and potassium salts 

of EDTA have been recorded in connection with treatment of acute 
cardiac failure, digitalis and other arrythmias, and coronary artery 
disease. Sodium EDTA was administered to reduce calcium levels and 

the calcium salt was used to elevate the serum calcium level. The 

binding of calcium has the net effect of raising the relative potas

sium concentration. Atrial and ventricular ectopic beats have been 

abolished or reduced with Ife^EDTA but fibrillation and flutter did not 

respond. EGG changes include decreased R-R interval, S-T prolongation, 
prolonged Q-T and P-R intervals, and changes in the polarity and shape 

of T waves with Na^EDTA. These effects were abolished by CaClg 

administration. R^EDTA produced elevated serim potassium levels and 

evidence of hypocalcemia. No QRS widening occured but T wave peaking 

was common and prominent. Some evidence was accumulated for the 

beneficial action of Na^EDTA (-164 gm/2-3 months) in reducing 

symptoms of angina pectoris. This consisted of reduced anginal 

attacks, EGG improvement, and reduction of heart size in patients with

cardiomegaly. ,
> ■

X-ray Contrast of Heavy Metal Chelates 

The x-ray absorptive capacity of contrast media is dominated 

by a single element which has a high x-ray absorbance and the 
remainder of the molecule is designed to maximize the molar concen

tration of the compound. In the iodinated media, iodine is the
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element responsible for x-ray absorption and in the heavy metal 

chelates it is the specific metal used. In turn, the molar x-ray 

attenuation of the absorbing moiety is directly proportional to its 
atomic mass (A) except in the area of an absorption edge where the 

attenuation changes. Thus, the use of any element of higher atomic 

mass than iodine in a contrast medium automatically gives one an 

advantage, provided that a sufficient concentration can be achieved 

at the site. This principle, higher atomic mass equals greater 
contrast, has been the motivation behind all past attempts to design 

heavy metal chelates to serve as radiopaque media.

Table 1 lists the molar x-ray attenuation coefficients of 

iodine, several lanthanons, and several other heavy metals (51). As 

can be seen, over all but a small portion of the energy spectrum, the 

metals maintain a higher attenuation of x-rays than iodine. For 

example, at 70 KeV, dysprosium and ytterbium offer 66% and 90% 

greater absorbance than iodine. However, the additional constraint 

that a sufficient molar concentration of the absorbing species must 

be achieved in the system of interest must be kept in mind. The 

currently popular iodinated media generally incorporate three atoms 

of iodine per molecule whereas the chelates normally only contain a 

single atom of metal in each molecule. Thus, at any given molarity 

of contrast agent, the iodinated media deliver three times the molar 

concentration of absorbing species than that provided by the 

chelate-type media.
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2Table 1. Molar x-ray attenuation coefficients (cm /g) for iodine, 

several lanthanons, and several other heavy metals at 
selected x-ray energies. (51)

X-ray Energy (KeV) 30 40 50 70 80
Iodine (A=126.9) 8.43 22.40 12.50 5.10 2.00

Lanthanum (A=138.9) 10.37 25.85 14.63 6,01 2.32

Europium (A-15 2.0) 14.30 6.64 18.70 7.75 • 3,02

Dysprosium (A=162.5) 16.10 7.73 4.14 8,46 3.32

Ytterbium (A=173.0) 19.40 9.06 5.04 9.71 3.98

Lead (A-207.2) 29.73 14.00 7.81 3.27 5.46

Bismuth (A=209.0) 31.88 14.93 8.39 3.53 5.81

Uranium (A=238.0) 40.45 19.56 11.10 4.70 1.92
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Objectives of This Research

The overall objective of this research has been to synthesize 
salts of a dyspfosiuin-diethylenetriaiainepentaacetic acid complex that 
are highly water soluble, opaque to high energy x-rays, and of a low 

order of acute cardiotoxicity. It has been proposed that compounds of 
this type will have certain advantages over the currently used 

iodinated contrast media; specifically, that they may be used via 

intravenous administration so as to avoid the inherent risks of 

cardiac catheterization of patients with pre-existing cardiovascular 

disease (47).
In pursuit of this overall objective, this project was con

ceived and executed in three segments corresponding to the following 

sub-objectives;

1) synthesis of the dysprosium complex and its sodium, potas

sium, calcium, magnesium, and N-Methyl-D-Glucamine (meglumine) salts 

in sufficient quantity 'to allow toxicologic screening and partial 
chemical characterization including purity, identity verification, and 

general properties;

2) in vivo characterization of the acute cardiac toxicity of 

the salts via right ventricular catheterization of the rabbit heart 

with subsequent bolus injection of aqueous solutions of the compounds;

3) demonstration of the applicability and efficacy of the 

least toxic compounds for use as intravascularly administered x-ray 

contrast media.



EXPERIMENTAL

Synthetic Methods 

The DyDTPA complex, an acid, was first prepared and isolated 

in solid form after which it was converted into one of its salts. The 

overall reaction for the formation of the DyDTPA complex is:

Dy203 + 2H5DTPA — ----i> ZDyH^DTPA + 3H20

The acid-base reaction leading to salt formation is

DyH2DTPA + 2Y0H ---> Y^DyDTPA + 2H20

where the base is monoacidic, such as NaOH, and

DyH2DTPA + E(OH>2  ------i> EDyDTPA + 2H20

when the base is diacidic, such as Ca(QH)2. ,

The base is represented here as an hydroxide for simplicity 

but could in fact be most any base, the point being that one mole of 

Complex reacts with two moles of base.
Salts of DTPA were also prepared for comparative use in 

investigating the toxic mechanism of DyDTPA.

Preparation of the DyDTPA Complex

In a typical reaction to prepare approximately 200 g of the 

DyDTPA complex, 142.3 g of H^DTPA (MW - 393.4) were added to a 500 ml 

round bottom flask and enough deionized water added to yield a Slurry. 

The mixture was warmed gently to just below the boiling point using a 

heating mantle while stirring constantly with magnetic stirring. 

Dysprosium oxide (MW - 373.3; 65i7 g) was then introduced slowly, with

20
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continuous stirring. When the addition was complete, water was added 

to bring the total reaction volume to -300 ml. The flask was next 
fitted with an air-cooled vigreaux condenser and the reaction mixture 

was brought to reflux temperature.

It should be noted that the initial consistency of the reaction 

mixture, especially before final volume adjustment, is such that 

constant stirring is difficult to maintain. Therefore, special atten

tion must be paid to ensure constant, vigorous stirring to prevent the 

formation of multihttclear complexes. The use of a two-necked flask 

and mechanical stirring should be considered, especially if one 

attempts to prepare more than 200 g at one time.

The reaction mixture was allowed to reflux at a moderate rate 

for four hours. During this time the consistency of the mixture 

changes from a white slurry to a true solution with a characteristic 

lemon yellow color. The actual transition from mixture to solution 

appears to be complete between 3 and 3.5 hr, but the refluxing was 

continued to ensure complete reaction.

When the,reaction mixture had cooled to approximately 50°C, 

the solution was gravity filtered using Whatman #1 qualitative filter 

paper. This procedure, instituted to remove any solid unreacted 

material and debris, takes approximately 0.5-1 hr; since, the final 

solution is quite viscous.

The filtrate was then transferred to a separatory funnel and 

dripped at a rate of approximately one drop per second into a fourfold 

volume excess of acetone. The drops disperse as a fine solid
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precipitate or form semi-solid globules. In order to maximize the 
dispersion of the solution into the acetone and hence small particle 

formation, vigorous magnetic stirring was maintained throughout the 

precipitation procedure. Here again, the use of mechanical stirring 

would be a decided advantage.

When all the material had been precipitated, stirring was 

continued for about one hour to promote the division of the precipi

tate into the smallest particles possible. This procedure serves to 

enhance the purity of the product. Finally, the precipitate was 

collected on a coarse grain, fritted glass filter using aspirator 

vacuum. The precipitate was washed three times on the filter with a 

90% acetone/10% water solution and a fourth time with pure acetone.

The washed product was briefly air dried by vacuum suction, rapidly 
transferred to a large crystallizing dish, and dried in vacuo for 24 

hr with phosphorous pentoxide as the primary dessleant and calcium 

chloride as a secondary dessicant.
The utmost care must be taken to maintain the precipitate in a 

finely divided and "dry" form after the final wash with 100% acetone. 

Therefore, the brief period of air drying was kept to a minimum and 

served only to remove any large excess of liquid acetone. Failure to 

heed this measure may, upon dryingj result in the formation of a 

"glass" instead of a powder.

Preparation of Salts of DyDTPA and DTPA

Sodium and Potassium Salts. To prepare the sodium and potas

sium salts of DyDTPA and DTPA, 25 to 30 grams of either acid were
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weighed out and dissolved or suspended in a minimal volume of deion

ized water, generally about 1 ml/g of acid. The solution or 

suspension was then titrated with 5N base to a pH of 7-7.5.

Titrations were performed in an open 150 ml beaker immersed 

in a room temperature water bath. A moderate rate of magnetic stir

ring was maintained throughout the titration. The pH was measured 

using a Beckman Model 9608 Zeromatic SS-3 pH meter with standard 5 in 

Beckman pH and reference electrodes (Beckman nos. 39301 and 39170, 

respectively). If the final solution temperature deviated more than 

5°C from the initial temperature, the solution was allowed to return 

to room temperature before final pH adjustment. Final pH adjustment 

was performed by dropwise addition of either IN NaOH or IN HC1.

The solution was then evaporated to a volume of -30 ml in a 

side arm flask with aspirator vacuum and gentle heating while main

taining vigorous magnetic stirring. The resultant syrupy solution was 

then transferred to a separatory funnel and slowly (1 drop/sec, or 

less) dropped into a 20X volume excess of iced acetone. As in the 

preparation of the DyDTPA complex, constant stirring was maintained to 

encourage small particle formation.

Despite all efforts, it was frequently impossible to prevent 

the aqueous solution from forming a sticky plastic material in the 

precipitation vessel. When this happened it was necessary to 

painstakingly "massage" the gum against the vessel walls to create a 

hardened material. At times, it was necessary to change the acetone 

using Nag80^ dried acetone. Once all the salt was precipitated, it
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was stirred for at least one hour to further ensure a "dry" precipi

tate.
The resulting finely divided material was rapidly collected 

on a medium porosity scintered glass funnel with aspirator vacuum.

After all the mother liquor was filtered, the collected material was 

washed 3X with acetone. Care was taken to avoid allowing the pre

cipitate to absorb moisture from the air; consequently, the acetone 

saturated, washed material was immediately transferred to a crystal

lizing dish, placed in a dessicator and vacuum dried for 24 hr, again 

using an<* CaCl^ as dessicants.
Calcium and Magnesium Salts. The calcium salts were, in 

principle, prepared in the same manner as the sodium and potassium 

salts. However, since Ca(OH) 2  is very insoluble in water, it was 

merely Suspended in water at a ratio of approximately 10 g/30 ml 

total volume and maintained as a reasonably homogenous mixture with 

magnetic stirring. This slurry was then added to the acids with a 

Pasteur pipet. Solution pH was followed as above and the same con

siderations were given to temperature change. Additionally, the 

final solution, before volume reductionj was gravity filtered to 

remove suspended material.
Due to the reduced solubility of the CaDyDTPA salt, final 

volume was -100 ml and precipitation in seven volumes of acetone at 

room temperature was adequate. Also, the collected material was 

washed with a 90% acetone/10% HgO solution.
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The magnesium salt was prepared by reaction of the acids with 

a non-stoichiometric magnesium salt corresponding to an approximate 

formula of 4MgC0^ ° 4Mg(OH)^° 45^0. This material was suspended in a 

fashion similar to that described for Ca(0H)2» Titration was carried 
out as above with the addition that dissolved C0o liberated in the 

neutralization reaction had to be removed in order to accurately 
monitor pH. This was accomplished by periodic transfer to a side arm 

flask followed by evacuation and gentle heating, until effervescence 

ceased. The solution was then cooled to room temperature and the 

titration resumed. The desired pH was intentionally exceeded and then 

adjusted with IN HC1.

Precipitation and isolation was carried out in eight volumes 

of room temperature acetone and the precipitate was Washed with 100% 

acetone. Drying proceeded as with the calcium salts.

N-Methyl^D-Glucamine (meglumine) Salt of DyDTPA. The prepara

tion of the meglumine salt of DyDTPA was accomplished in two different 

ways. In one case, the titrimetric procedure outlined for the /prepara

tion of sodium and potassium salts was followed using a meglumine 

solution of approximately 1.7 M. This approach proved to be very 

laborious and gave rise to poor yields. Due to the high water 

solubility of this salt, attempts at precipitation in mote than forty 

volumes of anhydrous ice cold acetone would not precipitate the 

material in a well-dispersed solid. After many hours of constant 

manual stirring and changing of the acetone, most of the material was 

in at least a semi-solid form. This was collected on a medium
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porosity scintered glass funnel, washed with 100% acetone, and dried 

in a dessicator as described previously. Unfortunately, about one- 

third of the isolate was "wet" when placed in the dessicator and 

subsequently dried to a hard glass-like material that had to be 
scraped from the crystallizing dish and crushed into fine powder.

Additional difficulties were encountered later when the dried 

salt was to be weighed out and redissolved to an appropriate concen

tration. As with most of the other compounds, the volume of the
i

solid material frequently exceeded that of the volumetric container 

used. Generally, this problem was circumvented by dissolving the 

salt in a weighing boat in a minimum of water and then transferring it 

quantitatively. In the case of the meglumine salt, two difficulties 

arose following this pattern. First, the salt was so hygroscopic as 

to preclude accurate weighing in the ambient atmosphere. Secondly, 

the viscosity of any solution greater than 1 M made quantitative 

treatment impossible.
Considering the tremendous difficulties and poor yields 

obtained from the standard procedure, it was decided that a more 

expeditious preparation, while yielding perhaps a bit less pure 

product, would be acceptable. This procedure consisted of mixing 

solid DyDTPA and meglumine in a ratio such that a slight excess of 

DyDTPA was present and adding only enough water to produce a solution 

when heated to 90°C in a water bath ( ~45 ml for 47 g total weight of 

material). Once solution had been obtained, it was cooled to room 

temperature and a final pH adjustment made using 1.7 M meglumine. The
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resulting solution was then evaporated to an appropriate volume with 

vacuum and heating to approximately 70°C. This second procedure was 

followed exclusively after the first trial using the standard 
technique.

In all cases, except acetone, chemicals for synthesis were at 
least A.C.S. reagent grade and analyzed reagent grade was used where 

possible. Since Such large quantities of acetone were involved, 

"technical" grade was used. This acetone was supplied locally and was 
listed as technical because it had been transferred from its original 

container which contained reagent grade acetone. Dysprosium Oxide 

(99.9%) and DTPA (98% min.) were purchased from G. Fredrick Smith Co., 

Columbus, Ohio. N-methyl-D-glucamine (99%) was supplied by Aldrich 

Chemical Co., Milwaukee, Wisconsin. Matheson, Coleman, and Bell, 

Norwood, Ohio, Mallinckrodt Chemical Works, St. Louis, Missouri, and 

Baker and Adamson Products (Division of Allied Chemical Corporation), 

Morristown, New Jersey, were the suppliers for all other inorganic 

reagents.

Physicochemical Properties

Infrared Spectra •
-1Infrared spectra (650-4000 cm ) were obtained using a Beckman 

IR 12 recording Infrared Spectrophotometer for each compound synthe

sized. Samples were prepared by mixing ~1 mg of compound with -150 mg 

dry (120°C for 24 hr) IR grade KBr until a homogenous mixture resulted. 

This mixture was then pressed into a 13 mm pellet at 20,000 psig.
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No attempt was made to maintain the mixture in an anhydrous

form.

Acid-Base Titrations

The sodium, potassium, calcium, and magnesium salts of DyDTPA 

and DTPA, as well as H^DyDTPA were quantitatively titrated with NaOH 

using a method described by Seymour (57). These titrations were 

performed to ascertain the number of free carboxylic acid groups 

remaining in the molecule after synthetic treatment and to serve as a 

qualitative index of complex stability, since at high pH (-8.0) one 

might expect to see a precipitate of dysprosium oxo-complexes if the 

dysprosium were dissociable.

Thermogravimetric Analysis
Therinogravimetric analyses were carried out on a Perkin Elmer 

TGS-1 following standard practices. Weight loss characteristics were 

recorded over a temperature range of 25 to 6200C for the DyDTPA 

complex and its sodium, potassium, calcium, and magnesium salts.

Solubility
Since it was anticipated that toxicity screening would be 

conducted in a manner that would include concentrations of DyDTPA 

salts at or near their maximum solubility, it was of interest to 

conduct solubility testing for the synthesized compounds.

One milliliter of deionized water was added to 20 ml scintil

lation vials and over a period of twenty-four hours, indeterminate 

amounts of each of the salts were added (one compound in each vial) to
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maintain a two-phase system. During this period, temperature was 
maintained at 27°C and the vials were constantly agitated to promote 

mixing. After 24 hr, the solutions were transferred to 15 ml conical 

centrifuge tubes and centrifuged at 2000 rpm for one hour in a Damon/ 

IEC U/V centrifuge. One hundred, three hundred, and five hundred 

microliter aliquots of the supemate were then pipetted into tared 

scintillation vials with an Oxford pipettor.

The aliquot containing vials were placed into a dessicator 

containing an<̂  CaClg and this was then evacuated with a mechan
ical vacuum pump. After 48 hr the dessicant was changed and the 

samples further dessicated an vacuo for 72 hr.

Finally, each vial was reweighed and the mass of dry salt 

deposited per measured aliquot determined. The average solubility of 

each salt was calculated based on the three independent samples.

The maximum solubility of the meglumine salt was not deter

mined. This salt was prepared late in the project and was found to be 

so hygroscopic that if the solid form is left in contact with atmo- - 

spheric moisture it will form a solution with its water of hydration.

In preparative experiments it was found that, due to extreme viscbsity, 

the practical limit on the solubility of this salt is ~1M.

Osmometiry

The osmolality of several selected concentrations of the 

preparations was determined with a Wescor Model 5100-B Vapor Pressure 

Osmometer following the manufacturer's procedure. The instrument was
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calibrated with commercial standard NaCl solutions (290 and 1000 
mOsm/kg 1^0).

Viscosity

The relative viscosities of selected concentrations of 

NagDyDTPA and meglumine DyDTPA were evaluated in a semi-quantitative 

manner. A Pasteur pipet was marked in two places 1 cm apart in a 

portion of the smallest bore. The uppermost mark was 5 cm above the 
tip. The pipet was mounted in a vertical position, small end down.

A small quantity (-0.5 ml) of solution was placed in the upper portion 

and the time required for the topmost meniscus to pass between the two 

marks was measured with a stop watch. This was repeated 3-5 times for

each concentration and an average computed.

Atomic Absorption
Atomic absorption spectrophotometry was performed on the 

sodium. Calcium, and magnesium salts of DyDTPA. Analyses were per

formed on aqueous solutions with a Varian Model AA-5 Atomic 

Absorption Spectrophotometer.

In general, the method consisted of preparing solutions of the

salts using the assumed molecular weight and stoichiometries given in

Table 2 (Results). Each of these solutions was then compared to 

standard solutions of the corresponding chloride salt. All solutions, 

including the standards were adjusted to contain the same background 

concentration of DyDTPA anion with the acid form of the DyDTPA 

complex.



Standards were prepared according to the general procedure 

described by Parker (48).

Wavelengths of 422.7 nm, 285.2 nm, and 589.5 nm were used for 

calcium, magnesium, and sodium, respectively.
All analyses were conducted using an air:acetylene flame.

Dysprosium Analysis
A dysprosium analysis was performed on the DyDTPA complex 

using Proton Induced X-ray Emission (PIXE) to verify its composition 

as a mononuclear 1:1 complex. Samples of 100-200 mg were weighed to 

the nearest 0.1 mg without regard for ambient humidity. These 

samples were palletized at 20,000 psig in a 13 mm KBr press and 

mounted on a 1 1/4 inch aluminum planchette covered with Kapton Foil 

(Dupont). The pellets were attached to the foil with a quick drying 

epoxy glue. Samples of dysprosium oxide (99.9%) were treated in a 

similar fashion and served as standards. Analysis was performed at 

2 MeV and the results analyzed by computer.

Acute Cardlotoxiclty Screening

Summary of the Technique

1) The right ventricle (RV) of anesthetized New Zealand 

White rabbits (1.5-3.0 kg; mixed sexes; 30 mg/kg sodium pentobarbital) 

was catheterized via the inferior vena cava following a cut-down on 

either femoral vein. Control and test solutions were injected and RV 

pressures were recorded through this catheter.
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2) The abdominal aorta was catheterized via a cut-down on the 

femoral artery of either leg. Arterial blood pressures were recorded 
through this catheter.

3) Needle electrodes were placed in each extremity to 

facilitate electrocardiographic (ECG) recording.

4) Two and one half milliliters of control solutions 

(0.9% NaCl) and test solutions of the compounds of interest were 

rapidly injected into the RV, followed by a 2.0 cc normal saline flush.

5) Maximal changes in arterial and RV systolic and diastolic 

pressures, changes in heart rate, and ECG changes were noted following 
each injection. Also, the time of onset and duration of these changes 

were recorded.
6) Solution concentrations ranging from those producing little 

or no effect on the measured parameters to those causing rapid death 

were investigated.

7) Compounds tested included NaCl, KC1, MgClg, CaClg,

Na^DTPA, K4DTPA, Ca^DTPA, Mg^DTPA, Na^DyDTPA, K2DyDTPA, MgDyDTPA, 

CaDyDTPA, and N-Methyl-D-Glucamine (meglumine) DyDTPA; the chlorides 

and non-dysprosium salts being for comparative purposes.

Method Details
Adult, New Zealand White rabbits weighing 1.5-3.0 kilograms 

were used in all toxicity measurements. The rabbits were anesthetized 

with sodium pentobarbital (Dabutal, Diamond Laboratories Inc., Des 

Moines, Iowa), 30 mg/kg injected intravenously through the marginal 

ear vein. The barbiturate was prepared daily as a solution containing



. 10 mg/ml by dilution of 1.7 ml of stock material (60 mg/ml) to 10 ml. 
The rabbits were initially given one half their estimated total dose 

and after fifteen minutes a series of 1 ml injections every five 

minutes was initiated and continued until the animal reached a 

satisfactory level of anesthesia. Supplemental doses of barbiturate 

were administered as indicated throughout the surgical procedure.

After induction, the rabbit was shaved over the lower abdomen 
and down the inner aspect of both limbs to a point just above the 

knee. The area overlying the femoral artery and vein was infiltrated 

subcutaneously with 3 ml of 1% lidocaine (Vitarine Co., Inc., New York, 

N.Y.), This procedure was instituted to further reduce the possibility 

of pain for the rabbit since they were maintained under the lightest 

practicable plane of surgical anesthesia.

After dividing the skin overlying the course of the vessels, 
the fat, muscle, and fascia were dissected away with minimal trauma.

In so far as was possible, this was performed by sharp dissection.

When the femoral vein had been visualized, it was gently 

isolated over ~1 cm of its length and ligatures of 000 silk were 

placed proximal,and distal to the point of intended venipuncture.

The venous vasculature of the rabbit is very sensitive to 

trauma and consequently even with utmost care, the femoral vein 

frequently undergoes intense venospasm. The use of a few drops of 

1% lidocaine placed directly on the exposed vein prior to veni

puncture was found to relax the vessel and thus greatly facilitate 

the initial entrance and subsequent catheter manipulations.
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Venipuncture was performed using 20g x 2" Abbocath-T intra

venous catheter placement unit (Abbott Hospitals, Inc., Chicago, 

Illinois). After venipuncture was accomplished, the distal ligature 

was secured to control bleeding.
After removing the core of the placement unit, a "J" wire 

(Amplatz Heparin Coated Wire Guide, 0.025 in. x 100 cm, #3 curve;
Cook Incorporated, Bloomington, Indiana) was advanced through the unit 

into the femoral vein and up to a level near the kidneys. The 

catheter placement unit was removed and a polyethylene catheter was 

advanced over the length of the guide wire. This catheter was 

approximately 20 in. in length and fashioned out of Intramedic PE-90 

tubing. The end being advanced toward the right ventricle had 

previously been tapered and curved to approximate the curve of the 

"J" wire. In addition to the hole in the tip, two additional holes 

had been cut in the sides approximately 0.5 and 1.0 cm from the end.

After the end of the guide wire and catheter had been 

approximated, the two were advanced as a unit anteriorly to a level 

corresponding approximately to the junction of the inferior and 

superior vena cavae. The wire was then advanced through the right 

atrium and into the right ventricle. Next, the catheter was advanced 

over the wire, following it into the right ventricle.

Verification of placement was accomplished by attaching the 

catheter to pressure monitoring equipment and observing the oscillo

scope tracing for characteristic right ventricular pressure wave
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forms. These are essentially square waves oscillating from ~0 trnnffg 
to -20-30 mmHg.

If the catheter had not been optimally placed, it was manipu

lated in or out or rotated to achieve correct placement- On many 

occasions it was necessary to approach the heart several times before 

the catheter was finally in the right ventricle and a few times 

correct placement was never achieved.

Once the catheter was in place it was secured by tightening 

the proximal ligature.
The femoral artery was next dissected from its bed as 

described above and ligatures placed, the distal one being securely 

tightened prior to sectioning the vessel. In this case, a placement 

unit was not used and the vessel was merely divided transversely. The 

proximal ligature was used to control bleeding. A straight, tapered 

PE-90 catheter (-15 in.) was advanced over the straight end of the 

guide wire to a point in the mid abdominal aorta. The catheter was 

secured with the proximal suture.

Following placement of each catheter, a 21 g blunt needle 

was inserted into the distal end and attached to a Statham P23DC 

pressure transducer via PE-190 tubing. A three-way stopcock was 

interposed between the RV catheter and the transducer in order to 

facilitate delivery of contrast media directly into the RV.

Needle electrodes were placed into each limb for EGG 

recording.



All physiological data were recorded on an Electronics for 
Medicine VR 6 Oscillographic Recorder with a Rapid Writer recording 

device. These parameters included aortic and right ventricular 

systolic and diastolic pressures and EGG. EGG leads were selected to 

provide optimum P wave and QRS complex configuration and maximum 

stability.

Each rabbit was allowed to stabilize for at least 15 minutes 

after all surgical intervention. During this period tracings were 

monitored for damping which is usually indicative of clots forming in 

and on the catheter tip. If damping was significant, sodium heparin 

was administered iv at a dose of 500 units/kg (supplied as 10,000 USP 

units/cc; Fellows-Testagar, Oak Park, Michigan). Otherwise, heparin- 

ized saline (20 units/ml) was used to flush the catheters and approx

imately 10 ml of this saline was administered to reduce the clotting 

tendency.
The injection and monitoring procedures were as follows:

1) Prior to injection of each test solution, a 10-15 second 

tracing was obtained to establish pre-injection values.
2) Two and one half milliliters of test solution were injected 

into the right ventricle through the RV catheter. This injection was 

made as rapidly as possible and was immediately followed by a 2.0 cc 

flush of 0.9% saline. For each rabbit, a control injection was 

performed using 2.5 cc of 0.9% saline followed by a 2.0 cc normal 

saline flush. Since the injection was made through the same catheter 

used for RV pressure monitoring, no RV data was available during the
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actual injection period. The beginning and duration of each injection 

was recorded on the strip using an event marker.

3) A continuous recording of the parameters was made for a 

minimum of 30 seconds and up to 1 minute following the end of the 

saline flush. If the rabbits cardiac function had not returned to 
pre-injection values at the end of one minute, six-second recordings 

were made at approximately two, five, seven, ten, and fifteen minutes 

after flushing with NaCl. Rabbits that did not regain pre-injection 

function within 30 minutes were sacrificed.

4) When the cardiac function had returned to approximately 

pre-injection conditions, the injection sequence was repeated with the 

next higher concentration. The next injection was always made at 

least two minutes after the previous normal saline flush.

5) Generally^ in addition to the control injection, each 

rabbit was given three injections of increasingly concentrated test 

solution.
In some cases the rabbit's cardiovascular function appeared 

entirely normal after the three injection series. When this occured, 
one of two procedures was followed. After the minimum period of two 

minutes, the next higher dose of the same compound was administered. 

This was continued until a lethal dose was obtained but in no case 

resulted in the administration of more than a total of six injections 

of test solution.

Alternatively, the rabbit was allowed to rest at least 

twenty minutes after the last injection and then a new series of
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injections was begun with another control saline injection followed by 

up to three increasingly concentrated solutions of a different com

pound. Again, not more than a total of six injections of test sub

stance was administered (three each of the two different substances).
6) If the animal was still alive after the injection series, 

but functioning at a level significantly lower than control levels, 

his function was monitored for up to 30 minutes, after which he was 

sacrificed by injection of 1 cc of Beuthanasia-D (Burns Biotec, Div. 

Chromalloy Pharmaceutical, Inc., Oakland, California). Rabbits with 

normal function after the series were immediately terminated in like 

fashion.
7) When possible, outward reactions such as convulsions, 

respiratory difficulty or arrest, etc., were also noted on the record.

A minimum of two rabbits were studied for a minimum of three 

concentrations and in most cases, three or more rabbits were used.

The situations where only two rabbits were used constituted the 

initial range finding experiments after which appropriate dosage 

adjustments were made. An attempt was made to adjust the dose range 

from a "no effect" level (no difference from control injection) to a 

dose that would be lethal within five minutes after injection.

The records of each experiment were analyzed as follows:

1) Prior to each injection, a three or four beat average was 

obtained for arterial and right ventricular systolic and diastolic 

pressures. These pressures are affected by respiration in a cyclic 

manner corresponding to an increase during inspiration and a decrease
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during expiration. For this reason, the average was taken for the 

three or four beats corresponding to the inspiratory or expiratory 

period in order to better estimate the average pressures.
Also, a six-second heart rate, covering the period where 

pressures were read, was recorded. This was accomplished by counting 

the number of P waves, QRS complexes, or T waves occuring during the 

six seconds and multiplying by ten.

2) Post-injection pressures and heart rates corresponding to 

the maximal change from pre-injection values were recorded in a 

similar manner.
3) The time of maximal change was recorded with reference to 

the end of the flush period. Consequently, time of maximal change 

could occur as a negative number (prior to flush), zero (during 

flush), or a positive number (post flush).

4) The point at which the recorded parameters returned to 

essentially pre-injection value was determined and the pressures, 

heart rate, and time of return were recorded.

5) The percent change from pre-injection values was deter

mined for arterial systolic and diastolic pressures and RV systolic 

pressures. This was not done for rates since these generally did not 

change significantly below a lethal dose.

When arterial pulse pressure fell to zero, this was calculated 

as a 100% change regardless of electrical activity of the heart.

6) The electrocardiograms were read by a physician.
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Radiologic Examinations 

After the toxicity screening had been completed for the 

sodium, potassium, calcium, magnesium, and meglumine salts of DyDTPA, 
trials were initiated to attempt to get high-contrast radiographs 

using the least toxic of these, namely, the sodium and meglumine 

salts. Calculations and these preliminary experiments indicated that a 

concentration of 1-2 M dysprosium would have to be administered. It 

should be noted that these final experiments were conducted solely to 

test and further define the conditions that would be necessary to 
produce high contrast radiographic images and portions have little 

bearing on the toxicity screening.
Initial experiments with 1 M and 2 M Na^DyDTPA and 1 M 

meglumine DyDTPA under conditions identical to those used in the 

toxicity screening resulted in poor quality right heart ventriculo

grams and only slightly better femoral arteriograms. The reason for 

this poor performance was eventually determined to be due to delivery 

rates far below that necessary to prevent undue dilution. ' This slow 

delivery rate Was due to the high viscosity of the test solutions and 

very small bote of the intfavascular catheters. Consequently, a 

different technique was devised.

A rabbit weighing approximately 2 kg was anesthetized as 

described previously. A cutdown was performed on the right external 

jugular vein and cannulated with an 8F infant feeding tube (Cutter- 

Resiflex, Cutter Laboratories Inc., Berkeley, California).. This 

cannula had previously been cut from the proximal end to a length of
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6 in.: leaving the two end holes at the tip. The proximal end was 
attached to a 15g blunt needle. The cannula was advanced 1.5-2 in. 

into the vessel and secured by a ligature. This placement resulted in 

the tip being approximately one half inch proximal to the right atrium.

The left femoral artery was surgically exposed and an 

Intramedic PE-190 catheter was advanced medially until its tip was 

located at the bifurcation of the abdominal aorta. The catheter had 

a tapered tip and two sideholes like that described previously.

Catheter placement was verified fluoroscopically.in both cases.

Cineradiographs were taken during injections using continuous 

"real-time" background subtraction ("before and after" type) at 80 and 

100 KeV for the right leg arteriograms and 100 KeV only for the 

ventriculograms. This "before and after" background subtraction 

technique consisted of taking an image before the contrast medium was 

introduced and a second at the same energy taken shortly thereafter as 

the contrast medium filled the vessels. The first image was then 

subtracted from the second yielding a sharply defined image of the 

perfused vasculature. The success of this method depends on all parts 

maintaining an essentially constant orientation during the procedure 

and the timing of the second exposure is especially important so as to 

capture the vasculature when it is maximally perfused. Computer 

storage and data manipulation rather than photographic techniques 

were employed to affect maximal subtraction and image enhancement (46).

A one molar solution of meglumine DyDTPA was used for the 

arteriograms and a fifty-fifty mixture of the sodium and meglumine



salts was used at dysprosium concentrations of 1.5 M and 2.0 M for the 
ventriculograms. The use of this mixture was instituted to achieve 

dysprosium concentrations in excess of 1 M without undue toxicity and 

minimal viscosity. These solutions were administered in 3 ml 

quantities at a rate of ~1 ml/sec.
Images were computer processed in a fashion similar to that 

described by Frost et al,(23). Exceptions to their technique were 

that a 14 in experimental image intensifier was used and the images 

were first stored on a disk type storage device and later transferred 

to videotape. Photographs of the videotaped images were taken.



RESULTS

Synthesis and Physicochemical Properties 

All of the synthesized DyDTPA and DTPA salts are stable, 

highly water soluble compounds which may be isolated in solid form 

with varying degrees of difficulty. The extent of water solubility 

appears to be related to the hygroscopicity of each compound and these 

are inversely related to the ease with which the solid form may be 

attained. In every case the molar solubility of the non-dysprosium 

DTPA salt is greater than the corresponding dysprosium DTPA salt 
(Table 2). The sodium and potassium salts are the most soluble and 

have approximately the same solubility. As was expected, the forma

tion of the calcium salt greatly reduced the solubility of the dys

prosium complex. Surprisingly, the magnesium salt retained a rather 

high degree of solubility.
The solids obtained were finely divided powders rather than 

crystalline forms. Repeated attempts to crystallize the compounds 

from aqueous solution using a myriad of techniques were unsuccessful. 

The sodium salt was observed to form small solid particles when a 2 M 

aqueous solution was allowed to stand for several days but they were 

not in a crystalline form.
Using the precipitation techniques described, it was possible 

to obtain yields from greater than 80% for the dysprosium complex 

(acid form and the calcium salt) to approximately 60% for the

43 •
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Table 2. Mean nominal solubilities of synthesized salts

g/ml ±S.D. . Molarity ±S.D.
Na2DyDTPA (MW«596.9) 0.889±0.134 1.490+0.225
Na^DTPA (MW»481.4) 0.954+0.124 1.982+0.258
KgDyDTPA (MW*629.1) 1.068+0.132 1.698±0.210

K4DTPA (MW»545.4) 1.043+0.105 1.912+0.192

CaDyDTPA (MW*591.0) 0.224+0.051 0.378±0.085

Ca^DTPA (MW*469.6) >0.722+0.017 >1.538+0.035

MgDyDTPA (MW=575.2) >1.032+0.026 >1.379+0.720
Mg.DTPA (MW=438.0) 0.651+0.094 1.486+0.214



45
potassium salts of the dysprosium complex and non-complexed DTPA. The 
yield of the meglumine salts of DyDTPA was approximately 40% when 

isolated and, as described earlier, this led to preparing it as a 

concentrated solution rather than a solid.

All of the solid forms of the dysprosium complexes are either 

white or very faintly yellow and all yield aqueous solutions having a 

characteristic lemon-yellow color. The non-dysprosium containing 

salts, are white powders and give clear solutions except the calcium 

salt which has the same yellow color as the dysprosium complex.

Titrations of the dissolved isolated compounds and preparative 

titrations confirmed the presence of two titratable acid groups in the 

dysprosium complex and no free acid groups in the salts. Also, these 

titrations confirmed that one free acid group remained in the non- 

dysprosium containing salts. In agreement with this data, atomic 

absorption analysis of the dysprosium complex salts confirmed the 

expected stoichiometry of alkaline earth cations in the complexes 

(±10%). Furthermore, PIXE and thermogravimetric analyses showed the 

complex to be mononuclear, i.e., one atom of dysprosium per molecule 

of DTPA. These analyses led to the use of the empirical formulas and 

molecular weights shown in Table 2 for the preparation of all 

solutions used for toxicity screening and in the investigation of 

solution characteristics.

All of the prepared salts go into solution readily below one 

molar concentration. Above 1 M, dissolution is slow and is generally 

aided by slight warming. To prepare the 2 M sodium dysprosium DTPA
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solutions, it was necessary to heat the solution in a water bath to 

8G°C. The solutions were clear, heat stable, and had pH's ranging 

from 6.8-8.1 (Table 3).

The osmolality of 0.1 M solutions of the complexes ranged from 

127-240 mOsm/kg. Surprisingly, the osmolality of Na^DyDTPA decreased 
as the solution concentration increased (Table 3). Further work is 

needed to determine if this phenomenon will be a consistent finding.

Relative viscosities of several concentrations of NagDyDTPA, 

meglumine DyDTPA, and a mixture of these are given in Table 4. The 

viscosity of the sodium salt is well below that of the meglumine 

analog and the viscosity of the latter increases much more rapidly 

than that of the sodium salt. As expected, the viscosity of an equal 

mixture is between that of the individual salts. Significantly, 

below 2 M, the mixture's viscosity more nearly approximates that of 

the sodium salt and remains fairly manageable to that point. However, 

at 2 M this solution's viscosity increases dramatically and the 

material becomes nearly impossible to manage in a quantitative manner. 

Even mixing it with water becomes difficult.
Characteristic infrared absorbances for each of the compounds

are given in Table 5. The region most characteristic of the dys-
- 1 - 1  prosium complexes is from 650 cm to 1700 cm
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Table 3. Osmolality and pH of solutions of DyDTPA and DTPA salts

Compound Concentration (M) Osmolality pH
(mOsm/kg HgO)

Ifa^DyDTPA 0.1 240 7.6
1.0 97 8.1

Na^DTPA 0.1 295 7.6

K2DyDTPA 0.1 227 7.6
0.5 1026 6.8

k4dtpa 0.1 306 7.7

CaDyDTPA 0.1 127 7.7
0.5 495 6.8

Ca2DTPA 0.1 .96 7.2

MgDyDTPA 0.1 128 7.4
1.4 >1999 7.5

Mg„DTPA 0.1 96 7.8
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Table 4. Relative viscosities of selected concentrations of Na-DyDTPA, 

Meglumine DyDTPA, and a 50:50 mixture of each

Compound Concentration (M) Viscosity (seconds/cm)
-  (mean ±S.D.)

Na?DyDTPA 0.5 0.40±0.07
1.0 0.60±0.07
2.0 7.6010.80

Meglumine DyDTPA 0.5 1.96+0.69
1.0 16.3011.91

50:50 mixture
Na,DyDTPA:Meglumine DyDTPA 1.0 1.1010.40

1.5 6.6311.28
1.75 4.8811.16
2.0 135 (two values)



Table 5. Characteristic infrared absorbances (cm ) for DyDTPA, DTPA, 
and their salts. -—  ( w  = very weak; w = weak; m = moderate; 
s = strong; hr = broad)

DyDTPA:

Na^DyDTPA:

CaDyDTPA:

K^DyDTPA:

MgDyDTPA;

Meglumine DyDTPA:

H5DTPA:

Na^DTPA:

719(w) ; 869(w) ; 938(m); 1000(w); 1096(m); 1200- 
1300 (w,br); 1331(w); 1417(m); 1454(w); 1600(s); 
2800-3700(m,br)

717(w); 800 (w); 842(w); 863 (m); 892(w); 931(m);
979(vw); 988(w) ; 1000(w) ; 1025(vw); 1044-1967(w»br) 
1088(w); 1116 (w) ; 1250-1275 (w) ; 1325(w) ; 1406(m) ; 
1438(w); 1600(s); very broad, strong band from 2000 
to 4000 with peak at 3450

712(w) ; 741(w); 800(w); 850(m); 875(s) ; 900(m);
938(s); 956(m) ; 984(m); 996(s); 1010(m) ; 1056(w) ; 
1091(s); 1104(s); 1138(w); 1275(s); 1331(s);
1413(s); 1450(s); 1600(s); 2925(w); 2988(w); 3100- 
3700(m,hr); all bands very sharp

719(w) ; 806(w) ; 856(vw) ; 875(w) ; 900(vw) ; 938(m) ; 
981(vw); 1000(w); 1038(vw); 1100(m); 1275(w);
1331(m) ; 1413(b); 1613(s); 3100-3700(w )

721(w); 806(vw) ; 854(vw); 875(w) ; 906(w) ; 944(s); 
1000(m); 1038(vw); 1063(w); 1100(s); 1125(m);
1163(vw); 128l(m); 1333(s); 1419(s); 1454(m);
1613(s); very strong, broad band from 2000 to 4000 
with peak at 3400

731(m) ; 813(w); 875(w); 906(vw) ; 938(s); 1096(s,br) 
1175(w); 1281(w); 1334(m); 1413(s,br); 1619(s);
2375(m); 2600-3800(s,br)

690 (w) ; 796 (w) ; 850 (w) ;. 873 (w) ; 900 (m); 938 (vw);
956(m); 987(w); 1087(w); 1138(w); 1200(m);
1238(m); 1294(w); 1350(m); 1400(m); 1442(w) ;
1631(s); 1700(s); 1731(s); 2700-3300(m); 3300- 
3650(vw)
713(m); 806(vw); 850(w); 919(m); 950-1000(w,br); 
1096(w); 1175(w) ; 1413(s); 1638(s); 2300(w); very 
strong, broad band from 2400 to 4000 with peak at 
3500
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Table 5.

Ca2DTPA:

K^DTPA:

MggDTPA:

Continued

731(w); 850(w) ; 900(vs); 933(m); 963-1050(m);
1106(m); 1263(w); 1338(m); 1413(s); 1588(s); 
2800-3800(s)
725(m); 931(w); 1200(vw); 1429(s); 1675(s); 3200- 
3800(w)

735(m); 863(w); 938(m) ; 969(m) ; 1100(m); 1275(vw); 
1325(m); 1413(s); 1444(w); 1613(s); 2800-3800(s)



51
Acute Cardiotoxicity

Pressure and Heart Rate Changes

The most striking feature of the physiological response to the 

intraventricular injection of the solutions studied was a predictable 

and concentration (dose) dependent fall in arterial blood pressure. 

Furthermore, this dose-related phenomenon appears to be solely related 

to the cation concentration of the injected solution. While both 
systolic and diastolic pressures were affected, it was found that the 

diastolic pressure was a more sensitive and reliable indicator of 

toxicity.

Right ventricular systolic pressures tended to increase with 

increasing dose until severe damage was done to the heart at which 

point they generally decreased. Right ventricular diastolic pressure 

changes were not useful. The RV diastolic pressure is generally on 

the order of 0 to -5 mmHg; thus, small, physiologically insignificant 

changes (1-3 mmHg) give rise to very large changes when interpreted as 

a percent change relative to pre-injection values (viz., 2 mmHg vs 

1 mmHg —  a 100% change!) .

Heart rates ordinarily did not change significantly unless 

there was prolonged and severe hypotension or EGG evidence of myo

cardial damage. It should be noted that this observation may be a 

consequence of using the rabbit as an experimental model. The normal 

heart rate of an adult rabbit ranges from 220 to over 300 beats per 

minute. When recording rates over a six-second period, a normal
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variation of -10 beats/min is to be expected. In these experiments» 
this normal variation was generally the only one observed.

A complete listing of arterial systolic and diastolic pressures» 

RV systolic pressures, and the observed changes in all these parameters 
is given in the appendix. Figures 2 through 9 depict graphically the 

comparative dose-response relationships observed for diastolic and 

systolic arterial pressure changes (Cl , DTPA , and DyDTPA salts) 

and Figures 10 and 11 illustrate the relative toxicities of the in

vestigated salts of the dysprosium DTPA complex.
As explained in the experimental section of this thesis, in 

each case (except meglumine) the chloride and non-dysprosium contain

ing DTPA salts were compared to the corresponding dysprosium complex 

salt". This was done to attempt to elucidate the mechanism of 

toxicity of the DyDTPA complex. As Figures 2 through 9 show, there is

a very high correlation between the observed pressure changes and the

molar concentration of the cation involved. This correlation is

highest for magnesium but holds true for the other cations as well.
I

Analysis of individual points along these curves shows the observed 

differences to be insignificant (p <0.05; Students' "t" test) except 

for CaC^ at 0.5 M (p >0.05) .
The rabbits' general reactions also followed the same pattern. 

Thus, in all cases where magnesium was administered, a generalized 

depressant effect was noted, especially with respect to respiratory 

rate. Where potassium was used, an overall increase in muscle tone
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was observed as the concentration was increased, culminating in minor 
seizures and muscular fasiculations at lethal doses.

Notably, the pressure change correlations are best for 

magnesium, potassium, and sodium, all very soluble salts, while it is 

not as clear cut for the calcium salts. The calcium DTPA and DyDTPA 

compounds closely parallel each other but diverge considerably from 

the CaClg results. The reason for the discrepancy may be due to the 
lower solubility (probably due to lower ionization) of these compounds. 

Another reason for the lack of precise parallelism may be the differ

ences of the anions involved.

Dose response curves for sodium and potassium DTPA are not 

shown. These agents were found to be extremely toxic and appeared to 

function by a totally different mechanism than the other salts. Doses 

of 0.05 M of either of these compounds resulted in immediate death 

characterized by cardiac arrest and tetany. Presumably, these salts 

readily chelate calcium resulting in a hypocalcemic state, at least 

where the heart muscle is concerned.

Over the concentration range investigated, there is a 

tendency for sodium chloride to be more toxic than NagDyDTPA above 

0.5 M. Again this difference is not fully understood but may well 

relate to the anion effects.

There was no demonstrable dose-response relationship for 

time of onset of pressure changes. In all cases, including control 

injections, this onset generally occured between 0 and 5 seconds after 

flushing the lines with saline, 3 seconds being usual. However, there



does appear to be a dose-response relationship for time of recovery or, 

in other words, duration of action. For control injections recovery 

time ranged from three seconds to slightly over one minute with 10-15 

seconds being a typical value. At high doses of the investigated 

compounds, times up to twenty minutes were recorded. In all cases, 

the recovery times were highly variable, therefore, only mean values 
and extremes are given in the tabular presentation.

Figures 10 and 11 show all the DyDTPA salts on the same con
centration scale. Clearly, the sodium and meglumine salts are the 

only reasonable choices for use as major components of a contrast 

medium of this type. Interestingly, these two are approximately 

equal in their toxic potentials when using blood pressure changes as 

the index.

ECG Changes
Generally, the observed ECG changes of the tested compounds 

were the same for equal cationic concentrations of the chloride,

DyDTPA, and non-dysprosium derivatives. Due to the rapid heart rates, 

occasional non-ideal tracings, lack of comparable data, and other 

factors, quantitative measures of ECG parameters were not taken. 

Qualitative interpretations of observed ECG changes were noted. These 

included arrythmias such as supraventricular tachycardia (SVT), 

ventricular tachycardia (VT), ventricular fibrillation (VF), pre

mature atrial contractions (PAG), premature ventricular contractions 

(PVC), and electrical asystole. Electrocardiographic morphologic 

characteristics were also noted.
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For the calcium derivatives, control injections produced 

transient ST segment elevation and peaking of T waves with normal 

sinus rhythm (NSR). Occasional ventricular tachycardia was also ob-
_j_2served. Below 0.2 M Ca these same changes were the rule with 

occasional PVC’s. At 0.2 M, changes of the same type as observed for 

controls were noted but their duration was longer (5 to 120 sec). At 
0.4 M Ca+2 with CaCl2 and CaDyDTPA and 0.5 M Ca+2 with Ca^DTPA, 

initial changes were ST elevation, occasional PVC's, and T wave peak

ing; however, these rapidly gave way to cardiac arrest, which was
sometimes preceded by ventricular fibrillation and/or SVT. Signifi-

+2cantly, survival of doses to 0.5 M Ca was frequent with subsequent

recovery to NSR and pre-injection ECG characteristics within 15

minutes. In those few cases where it was possible to proceed to 
+20.75 M Ca with CagPTPA, immediate cardiac arrest was the rule.

Control injections for rabbits receiving magnesium salts re

sulted in either no change (NSR) or ST elevation associated with T 

wave inversion or peaking. Some rabbits exhibited abnormal ECG's 
prior to injection but none of a serious nature. In all cases where 

Mg& 2  was injected, PVC's were observed while these were only occasion

ally observed for Mg^DTPA and MgDyDTPA. Increasing doses of MgClg 

gave rise to progressive damage to the myocardium evidenced by SVT, 

marked ST segment elevation, trigeminy, and second degree heart block, 

culminating in irreversible ventricular fibrillation and death. Doses 

of MgDyDTPA and Mg^DTPA represent the only cases where significant 

slowing of heart rate occurred. Up to 50% decreases were observed for
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non—lethal doses but return to normal rate was usually prompt (within 

2 min). Increasing doses of these agents resulted in progressive ST 

elevation (occasional depression)» and T wave peaking and inversion 
(occasional). PVC’s were also observed as was SVT and AV dissociation. 

Death was usually associated with ventricular fibrillation and respira

tory depression.
For unknown reasons, all of the ECG’s analyzed for rabbits 

receiving I^DyDTPA showed abnormal EGG's prior to control injections. 

These abnormalities were indicative of ischemic damage (ST elevation 

and peaked T waves). Control injections produced pronouncement of 

these changes and in rabbits receiving other sodium compounds, control

injections produced no change of ST elevation, a few PVC’s and T wave
4.peaking. At 0.2 M Ha concentrations, little or no change was evident; 

typically, HSR or ST segment and T wave changes as before. Concentra

tions of 1.5 M Ha+ routinely induced PVC’s for both HaCl and Ha2 DyDTPA. 

These were in addition to continued ST segment elevation and T wave 

peaking and were generally more pronounced than at lower doses. Also, 

for Ha^DyDTPA, transient supraventricular tachycardia was occasionally 

observed. Beginning with 3 M Ha+ concentrations, ventricular tachy

cardia, SVT, and marked ST elevation or depression were added to the 

previous symptoms and all of these were more marked at 4 M Ha"*" concen

trations. In one case with 3 M HaCl, 2:1 heart block was observed. 

Respiratory depression was also frequent above 3 M. Notably, death 

at even the highest sodium concentrations was a rare occurrence.
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Na^DTPA produced entirely different symptoms characterized by 

PVC’s, PAC’s, and death accompanied by tetany and electrical asystole.
-j.Symptoms were outstanding even at 0.04 M Na (0.01 M Na^PTPA) and death

+occured at 0.04 M Na .
Rabbits receiving control saline injections in the potassium 

salt experimental series exhibited EGG changes similar to those for 

other salt series. Typically these included PVC's and T wave peaking. 

Injections of 0.05 M KC1 produced only more exaggerated T peaking while 
0.1 M K+ from both KC1 and K^DyDTPA produced PVC's, ST elevation, and 

pronounced T wave peaking. Many PVC's, marked T wave peaking, tran

sient ventricular tachycardia, and ST segment elevation were recorded 

for 0.2 M K+ concentrations. Death at 0.5 M K*" was preceded by multi

focal VT, ventricular fibrillation, pronounced T wave peaking, complete
+AV block, and electrical asystole. In cases where 1 M K concentra

tions were achieved (I^DyDTPA), immediate cardiac death was observed 

to be a result of electrical asystole.
As in the case of Na^DTPA, K^DTPA produced its effect by an 

apparently different mechanism. At 0.04 M K+ the only obvious ECG 

effect was T wave peaking with normal sinus rhythm. However, subjec

tive observation indicated non-lethal tetany. At 0.2 M K , death 

ensued promptly and resulted from electrical asystole and obvious 

tetanization.

For the meglumine DyDTPA series, control injections produced 

the same types of changes as described for other series. Changes 

typically observed over the range of 0,2 M to 2 M (meglumine ) included
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a few PVC's, some T wave peaking and in one case a slight axis shift to 

the right. Generallya normal sinus rhythm was maintained; thus, up to 

the maximum concentration tested, this salt appeared least toxic when 
viewed in light of EGG changes.

Radiologic Examinations

As pointed out in the experimental section, it was not possible 
to visualize cardiac features using the same technique employed for 

cardiotoxicity screening• While this was unfortunate for comparative 

purposes, it was felt that it was necessary to attempt to demonstrate 

the efficacy of the dysprosium complex. Figures 12 through 16 illus
trate the image quality obtainable with the compounds and technique 
discussed.

The top photograph in Figure 12 shows a "before" image of the 

right upper leg of a rabbit; i.e., before injection of the compound 

and before subtraction. The lower picture shows the same leg during 

injection of 1 M meglumine DyDTPA. This figure shows very good 

opacification of many of the very small vessels as well as the femoral 

artery. Also, the "before" image is well subtracted.
Figure 13 illustrates a ghosting effect not generally associ

ated with contrast media. At a point slightly distal to the superior 

angle of the femoral artery can be noticed an abrupt difference in 

contrast. This effect was the result of blood beginning to wash the 

medium from the vessel as a bolus and the point of demarcation 

represents the front of the column of blood. However, even though the 

bulk of the medium had been removed proximal to this point, the



69

F i g u r e  1 2 .  R i g h t  f e m o r a l  v a s c u l a t u r e
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F i g u r e  1 3 .  R i g h t  f e m o r a l  v a s c u l a t u r e  s h o w i n g  g h o s t i n g



F i g u r e  1 4 .  V e n t r i c u l o g r a m ,  e a r l y



Figure 1 5 .  Ventriculogram, late; showing aorta
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1 6 .  Ventriculogram using 2  M  Na:Meglumine D y D T P A
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vessel was apparently still coated sufficiently to render the wall 

slightly opaque. This effect persisted throughout the length of the 

vessel as the blood continued its course. Unfortunately, it was not 

possible to continue observing the vessel until it had lost this coat

ing and therefore there is no knowledge of the time-course of the 

persistence of the medium. Note that subtraction of the femur is 
essentially complete in this picture.

Figure 14 shows a right heart ventriculogram using an intra

venously administered 1.5 M 50:50 mixture of meglumine and sodium 

DyDTPA. This image was produced with real-time subtraction during the 

injection. Contrast media can be seen flowing into the right atrium 

in the upper left portion of the photograph (largest column). At the 

time of this picture, the right atrium and ventricle and pulmonary 

arteries were completely filled. The right atrium is partially hidden 

from view by the pulmonary trunk. Note the total subtraction of ribs 

and other unperfused thoracic structures.

The left atrium, left ventricle and aorta are shown in Figure 

15. During the movement of medium through the heart and pulmonary x 

circulation, a point was reached where total opacification of all the 

structures was achieved. At this point, definition was lost and there

fore it was necessary to wait until nearly all the medium had cleared 

before taking this picture. Consequently, the contrast is not as 

great, due to considerable dilution.

Figure 16 is an attempt to illustrate the complications arising 

from using a 2 M solution. The material was so viscous that even with
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the very large catheter employed and maximum force exerted during the 

injection it was impossible to deliver the material as a bolus. The 

medium can be seen to be streaming In a continuous, unmixed thread into 

the heart. A globule of the medium has broken away and entered the 

pulmonary artery, where it further subdivided at the bifurcation and 

can be seen as a large droplet in the left pulmonary artery and a 

smaller drop in the right hand vessel.
While these results have no direct bearing on the toxicity 

studies conducted in this project, as there were differences in 

materials and method of delivery, it is significant that the rabbits 

used for radiologic examinations appeared to tolerate the injections 

well. In particular, the rabbit used to obtain these photographs 

received a total of 21 ml of the two media (9 ml of the mixed solution 

and 12 ml of the 1 M meglumine salt) with no subjective evidence of 

toxicity. This volume was delivered over a period of approximately 45 

minutes.
The quality of the photographs may seem to be poor but it must 

be realized that the original image had been reproduced three separate 

times electronically and twice photographically to achieve these prints. 

In addition, the original image was not of the best possible quality 

due to some minor technical difficulties.



DISCUSSION

Synthesis and Physicochemical Properties 

Stable, highly water soluble, x-ray opaque salts of a 
dysprosium diethylenetriaminepentaacetic acid complex have been suc

cessfully prepared, isolated, and partially characterized. The prepa

ration of these is not especially noteworthy since these complexes 

have been known for some time. However, a method of preparation with 

subsequent isolation in solid form appears to be previously unreported 

and may play a significant role in their toxicity.

As discussed in the Introduction, most investigators of che

lates as contrast media have not isolated their synthetic products and 

in many cases have used an excess of ligand to ensure complete chela
tion of the metal of interest. The polyaminocarboxylic acids are well 

known for their potent chelating ability of endogenous metals, calcium 

being of particular importance. Rapid decreases in the serum calcium 

concentration leads to grave neuromuscular consequences, namely 

tetany. Thus, the inclusion of even relatively minor amounts of un

chelated ligand in an intravenously administered solution can cause 

significant toxicity. In the described experiments, it was found that 

as little as 2.5 ml of a 0.01 M solution of uncomplexed DTPA (as the 

sodium or potassium salt) was instantaneously fatal. Of course, these 

experiments involved administration directly into, the right heart 

chamber. This essentially results in a total immersion of the heart 

:
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in the solution, thus maximizing the potential of the chelate to inter
fere with normal myocardial function.

The synthetic methods employed for the preparation of the 

dysprosium complexes were designed to minimize the possibility of 

including uncompleted ligand in the final product. The precipitation 

end washing of the product apparently succeeded in removing the uncom- 

plexed ligand since analysis revealed no titratable protons in excess 

of those predicted and infrared spectra of the isolated materials 
revealed characteristics of a complexed compound. Also, there was 

never any evidence of overt calcium chelating activity of the injected 

complex salts.

Two angiographic contrast media in current use, Renografin 76 

(76% meglumine diatrozoate) and Hypaque 90 (60% meglumine, 30% sodium 

diatrozoate), have osmolalities of 1648 and 2020 mOsm/kg respectively 

(34). Renografin 76 is a 0.94 M aqueous solution and Hypaque 90 is

1.21 M in diatrozoate. The measured osmolalities of several of the 

DyDTPA salts used in this study, at concentrations up to 1 M, indicate 

that these agents are no more hypertonic than the currently used 

media. Thus,' the DyDTPA salts do not appear to pose an osmotic prob

lem greater than that of the popular angiographic media.

Viscosity, however, is of considerable significance. Fischer 

has investigated the role of viscosity in contrast agent selection (20). 
His studies indicate that the sodium salts of iodinated benzoates are 

the least viscous, meglumine most viscous, and mixtures of the two are 

intermediate. Further, the increase in viscosity above a limiting
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concentration is sharper for meglumine salts, less so for sodium and 
intermediate for the mixtures. While no accurate measurements of 

viscosity were conducted in this study, the relative viscosity measure

ments of sodium and meglumine salts and a mixture of the two showed the 

same relationship. The meglumine salt was so viscous at 1 M that 

further concentration was not practical„

Fischer further points out that the successful use of a medium 
requires that a certain minimum amount of absorbing species must be 

delivered per unit of time and that this amount must be high in areas 

where the normal blood flows are high. This principle was demonstrated 

when it was attempted to record ventriculograms with high concentra

tions of the DyDTPA salts delivered through a small bore catheter.

In summary, the chemical objectives of this project were met.

A technique was devised that allowed the synthesis and isolation of 

relatively large amounts of several salts of a dysprosium complex in a 

form that is probably purer than those previously described. In 

addition, these compounds were shown to obey predictable stoichiometry 

under the conditions described and were very stable both as solids and 

in aqueous solution at approximately physiological pH and over a wide 

temperature range.

Acute Cardiotoxicity 

The acute cardiotoxicity of the salts of DyDTPA was found to 

fall into two basic categories. The calcium, magnesium, and potassium 

salts were most toxic and the sodium and meglumine salts were least 

toxic. The principal dose-response relationship was found to relate



79
the type and molar concentration of the associated cation to a decrease 

in both systolic and diastolic arterial pressures.

The observation that acute toxicity is principally a function 

of the cation is not entirely surprising. In selecting the agents for 

the lanthanide complex, an attempt was made to minimize the possible 
contributions of this moiety. The binding constant for dysprosium and 

DTPA is so high that there was little likelihood of dissociation.

Also, the metal was chosen for its inherently low toxicity. Thus, the 

toxicity was ultimately expected to be a result of either the cations, 

the intact anionic complex, or both. Under the conditions investigated 

it appears that only the cation is significant.

The iodinated contrast media have been rather extensively 

investigated under conditions very similar to those in this study. One 

of the most common effects of these agents is their propensity to cause 

acute hypotension (6,29,64,66). The onset of these pressure changes 

ranges from 1-10 seconds after injection. Changes from 25 to 60% have 

been recorded. The typical duration of this effect is from 60 seconds 

to 2 minutes and generally coincides with EGG changes. Additionally, 

a decrease in peripheral vascular resistance of up to 44% has been 

recorded (19). Thus, it would seem that these agents are potent, 

albeit short acting, vasodilators (2).

The cationic composition of the iodinated media has been 

implicated as partially causative in the decrease in arterial pressures 

(49,64). Other factors considered are the high osmolality of the 

solutions and nervous reflexes (2).
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The principal electrocardiographic changes seen in ventriculog

raphy and selective angiography with the iodinated media ate QRS vector 

shifts, slight prolongation of the QRS interval, increased T Wave am

plitude, ST segment elevation or depression, AV block, PVC's, asystole, 

sinus tachycardia, atrial fibrillation, ventricular tachycardia, right 

bundle branch blocks, ventricular fibrillation, and cardiac standstill 
(13,27,36,39,46,59,69). In short, nearly every possible reaction has 

been observed at some time.
Perhaps the most serious effect of the iodinated media has 

been their induction of ventricular fibrillation (19). The technique 

of cardiac catheterization itself may on occasion be sufficient to pre

cipitate such an event. However, in both VF and other EGG changes, the 

role of cationic composition has been considered important. It appears 
that high sodium concentration is the principal agent in causing the 

deleterious effects of the iodinated media. More specifically, it 

seems that the balance of sodium and calcium (and perhaps other endog

enous cations) is a significant factor (49). At the same time lowering 

the sodium level below certain values can also lead to problems. The

specific optimum sodium concentration appears to vary with the contrast
1 -agent. Thus, while meglumine salts are generally considered to be 

lowest in toxicity among the ionizable media, investigations have 

shown that the addition of sodium and calcium to these can further re

duce their toxicity (7,8,29,65).
The above discussion and the data collected in this study tends 

to indicate that the mode and nature of the toxicity of the sodium and
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meglumine dysprosium media are very similar to that of the currently 
used iodinated media. Strict comparisons based on dosage are virtually 

impossible since most studies have involved dogs and dosing was related 
to body weight. Also, the problem of contrast media does not seem to 

have been approached in a manner similar to this study, that is, in the 

main, studies published in public sources have almost without exception 

been limited to commercially available preparations. Thus, the effects 

of preparing various salts of the individual agents and different con

centrations of the same salt are not reported and compared as has been 
done here. Nonetheless, the range of arterial blood pressure responses 

for approximately 1 M concentrations of sodium and meglumine diatro- 

zoate (e.g., Renografin 76 and Hypaque 90) are roughly equivalent to 

those seen for concentrations of sodium and meglumine DyDTPA that con

stitute one molar concentrations of the respective cations. In addi

tion, the principal electrocardiographic effects are quite similar.

The overall balance of plasma electrolytes is known to play an 

important role in proper cardiac function. Calcium, magnesium, potas

sium, and sodium are particularly important and excessively high or low 

levels of these are deleterious. Potassium excess depresses heart 

action and causes it to become flaccid and dilated. Plasma levels of 

7 to 9 mEq/L cause slowed conduction and levels 2 to 3 times normal 

usually result in arrest during diastole. EGG changes with elevated K 

include elevation and peaking of T waves, ST segment depression, QRS 

widening, disappearance of P waves, and complete heart block. Calcium, 
on the other hand, stimulates cardiac activity which may lead to



spasticity. The principal electrocardiographic change associated with
+2an elevated plasma Ca level are QT interval shortening (though this 

is hot diagnostic) and cardiac arrest. Acute hypocalcemia is associ

ated with convulsions, tetany, respiratory and cardiac arrest* and pro

longed Q-T interval. Hypermagnesemia, an unusual clinical symptom, 

leads to generalized depression typified by lethargy, coma, and respi

ratory depression. EGG changes to be expected are PVC's, ventricular
+2conduction abnormalities, and bradycardia. A deficit of Mg can lead 

to heightened neuromuscular irritability culminating in tetany and 

tachycardia with an attendant increase in blood pressure (16,41). 

According to Wenger and Herredon (68) , there are no elec trophys iolog- 

ical or electrocardiographic abnormalities of altered serum sodium con

centrations at levels compatible with life. No data appears to be 

available regarding the cardiac effects of high doses of meglumine.

Thus, the relationship between the molar concentration of cat

ions and the effects noted in this study is reinforced. While the 
effects were not entirely typical of hypercationic states, sufficient 

similarity exists. The probable reason for lack of precise duplication 

is that the symptoms reported above are based on the more-or-less slow 

accumulation of cations while the present study involved acute and 

massive injection of solutions directly into the right ventricle.

This large dose and volume of material also accounts for the basically 

ischemic nature of the changes observed in this research.

Graca, Davison, and Feavei (25,26) have investigated acute 

physiological responses of dogs to rapid intravenous injections of



various rare earth metals as chlorides, citrates, and EDTA complexes.

These experiments involved the administration of 10 mg/kg of the

chloride (5% aqueous solution) or its equivalent as a complex at ten
minute intervals for 10 doses. (Calculations from their data indicate

+3that an average dose of dysprosium as Dy would have been approxi

mately 60 mg/kg over a 100 min period.) Measurements of blood pres

sure, respiration, and heart rate were recorded. The blood pressure 

changes were variable but the chlorides routinely produced greater 

changes than either the citrate of edetate. Deaths occuring within a 

three hour period were a result of circulatory collapse and were re

ported as 31% for dogs receiving chlorides, 8% for citrate, and 2% for 

EDTA. The other dogs receiving EDTA showed no immediate pressure 

responses. Though heart rates generally showed decreases, there was 
no correlation with the type of compound administered and the changes 

were not large. ECG’s showed no irregularities. There were no spe

cific consistent responses in respiratory rate, depth, or rhythm. 

Overall, the toxicity of the chlorides was greater than citrates and 

EDTA complexes were the least toxic. Generally, none of the investi

gated compounds were highly toxic under acute conditions.

Their results again suggest that the toxicity of rare earth 

metals is less when tightly bound to chelating agents such as EDTA and 

DTPA and that these have a low order of acute toxicity. Their results 

are not directly comparable to those of this study since the routes 

and modes of administration are not identical. Also, in their reports, 

no mention is made of the pH of the solutions. It is reasonable to



speculate that they would have been acidic since an alkaline pH would 

have resulted in precipitation of the metals in the case of chlorides 

and citrates and possibly the EDTA derivatives. Significantly, they 

report that rare earths produce hypotension when given intravenously; 

however, one cannot carry this over as a mechanism in this research. 
Once again referring to Figure 10, one can readily see that the molar 

dose of dysprosium needed to produce a 50% decrease in diastolic 

pressure is approximately 0.17, 0.24, and 0.27 for potassium, magne

sium, and calcium DyDTPA, respectively, and 1.3 and 1.2 (extrapolated) 

for the sodium and meglumine DyDTPA salts. Thus, there is no obvious 

correlation for the amount of dysprosium administered.

The only significant toxic manifestation of rapid intravenous

injection of large doses of uncomplexed polyaminocarboxylic acid
+2chelating agents is a precipitous fall in serum Ca levels which leads 

to tetany. Furthermore, complexation with calcium or other metals with 

greater affinity for the ligand than calcium abolishes this effect (17, 

22,56). Both of these properties were demonstrated in this research. 

Uncomplexed DTPA did in fact tetanize the rabbits. Even though calcium 

has a greater affinity for DTPA than magnesium [Log K = 10.75 vs 9.34 

(37)], there was no evidence of metal ion replacement by calcium in 

the ligand, i.e., tetany. This may be due to at least two factors:

1) the kinetics of the exchange reaction are not favorable and thus 

the exchange is too slow to see hypocalcemic effects before hypermag

nesemia, or 2) the depressant effect of the ionized magnesium offsets 

the convulsive nature of hypocalcemia. Thus, there is no reason to
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believe that uncomplexed ligand plays any significant role in the 

toxicity of the investigated media.

In summary, stable, water soluble, radiopaque salts of dys
prosium diethylenetriaminepentaacetic acid have been prepared and 

isolated. The acute cardiotoxicities of these show that the calcium, 

potassium, and magnesium derivatives are the most toxic while the 

sodium and meglumine salts are least toxic. Moreover, these two ex

hibit approximately the same degree of toxicity. Based upon compari

sons with non-dysprosium containing DTPA salts and the corresponding 

Chloride salts, the mechanism of toxicity appears to be a direct 

function of the type and molar concentration of the associated cation 

and not to either the rare earth metal or the organic ligand. These 

comparisons are drawn from consideration of the observed dose-response 

relationship between molar cationic concentration and a decrease in 

both systolic and diastolic arterial blood pressure immediately follow

ing intrayentricular injection;, Also, comparisons of electrocardio

graphic characteristics between the various salts showed similarities 

for each cation, regardless of source, and the types of changes seen 

were primarily those that could be predicted from a knowledge of EGG 

symptoms associated with the corresponding hypercationic state.
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Table A.I. Arterial pressure dose-response relationships —  Mean ±S.D.; no S.D. for means of less
than 3 values. Due to large variations in recovery times, the mean and extreme values are 
given. Data for single determinations are not listed. Pre and post injection values are 
in units of mmHg. Recovery times are given in seconds.

Compound

Cation 
Cone. 
(M)

Systolic Diastolic Systolic Diastolic
Pre
Inj

Post
Inj

Pet
Chg

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov Recov

Pet
Recov

Time 
Rec(Range) (n)

NaCl C 80 78 -2 49 46 -6 5 82 103 50 102 12(3-25) (9)
±7 ±10 ±6 ±5 ±7 ±8 ±3 ±7 ±4 ±5 ±8

0.2 81 83 2 51 50 -2 6 84 103 51 101 14(4-30) (5)
±10 ±12 ±5 ±6 ±7 ±6 ±5 ±9 ±4 ±5 ±3

0.5 84 85 1 52 50 -6 4 87 103 53 102 74(18-180) (5)
±8 ±13 ±7 ±6 ±10 ±12 ±2 ±6 ±5 ±6 ±4

1.0 83 53 -32 52 27 -49 8 80 98 52 99 54(22-180) (6)
±9 ±13 ±9 ±7 ±7 ±9 ±5 ±10 ±6 ±9 ±12

1.5 ' 80 45 -43 49 21 -60 5 71 86 44 86 140(19-300) (4)
±10 ±29 ±25 ±8 ±12 ±20 ±4 ±30 ±32 ±20 ±32

2.0 83 32 -61 51 17 -65 2 77 92 47 93 191(25-600) (5)
±9 ±15 ±20 ±6 ±9 ±22 ±2 ±20 ±17 ±9 ±15

3.0 81 13 -81 53 6 —88 8 72 89 42 87 312(22-780) (5)
±12 ±19 ±31 ±5 ±9 ±18 ±12 ±22 ±20 ±18 ±38

4.0 90 0 -100 55 0 -100 15 — - - - - (3)
±4 ±0 ±0 ±14 ±0 ±0 ±15



Table A.I. Arterial pressure dose-response relationships —  Continued

Compound
Cation 
Cone. 
(M)

Systolic Diastolic Systolic Diastolic
Pre
Inj

Post
Inj

Pet
Chg

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov Recov

Pet
Recov

Time 
Rec(Range) (n)

Na0DyDTPA C 86 85 0 54 52 -4 3 87 102 54 100 4(3-6) (5)
L ±2 ±2 ±2 ±6 ±7 ±4 ±0 ±5 ±3 ±7 ±6

0.2 85 83 -2 59 57 -4 2 87 103 61 104 52(10-120) (3)
±5 ±15 ±13 ±7 ±16 ±18 ±2 ±6 ±3 ±7 ±4

1.0 80 74 —8 55 48 -14 5 85 106 57 103 68(15-120) (2)
1.5 86 68 -21 51 34 -27 3 84 98 51 101 24(17-30) (3)

±7 ±5 ±5 ±6 ±4 ±12 ±1 ±6 ±3 ±7 ±3
2.0 85 57 -32 57 32 -42 12 87 103 60 105 65(25-120) (3)

±6 ±11 ±15 ±7 ±9 ±18 ±3 ±9 ±3 ±9 ±3
3.0 95 48 -50 55 23 -58 3 90 95 54 98 350(30-900) (3)

±6 ±26 ±26 ±5 ±14 ±27 ±2 ±5 ±4 ±4 ±10
4.0 92 48 -50 53 23 -58 9 - - - - - (2)

MgCl C 90 87 -4 56 51 -10 2 91 102 55 100 12(2-26) (6)z ±6 ±11 ±6 ±12 ±14 ±13 ±0 ±8 ±3 ±11 ±4
0.05 92 80 -13 61 46 -24 3 95 103 61 100 10(7-11) (3)

±7 ±2 ±5 ±8 ±5 ±4 ±1 ±6 ±2 ±9 ±2
0.1 91 77 -15 56 38 -31 4 88 97 53 95 92(8-120) (4)

±7 ±3 ±5 ±6 ±3 ±3 ±3 ±6 ±2 ±9 ±10
0.2 91 65 -28 54 26 -52 3 89 97 51 95 120(120) (4)

±6 ±8 ±10 ±7 ±5 ±13 ±1 ±8 ±7 ±6



Table A.I. Arterial pressure dose-response relationships —  Continued

Compound

Cation 
Cone. 
(M)

Systolic Diastolic Systolic Diastolic
Pre
Inj

Post
Inj

Pet
Chg

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov Recov

Pet
Recov

Time 
Rec(Range) (n)

MgCl 0.5 91 20 -79 56 7 -89 4 81 90 45 83 220(20-600) (5)
L ±10 ±27 ±28 ±10 ±10 ±15 ±1 ±14 ±17 ±12 ±26

1.0 84 0 -100 46 0 -100 0 - - - - - (3)
±7 ±0 ±0 ±16 ±0 ±0 ±0

MgDyDTPA C 83 76 -8 52 44 -15 4 87 105 58 109 15(10-20) (3)
±12 ±13 ±19 ±13 ±16 ±23 ±2 ±11 ±4 ±17 ±9

0.1 88 76 -14 54 41 -26 3 87 98 55 100 15(12-18) (3)
±10 ±10 ±3 ±14 ±15 ±10 ±1 ±12 ±3 ±20 ±13

0.5 88 22 -76 55 4 -94 4 86 94 58 93 300(180-420 1(3)
±7 ±20 ±21 ±14 ±4 ±6 ±2

1.0 82 0 -100 59 0 -100 6 - - - - -

Mg.DTPA C 87 83 -5 57 50 -12 3 88 101 57 99 13(3-20) (6)z ±10 ±11 ±4 ±7 ±8 ±5 ±2 ±10 ±4 ±6 ±5
0.05 88 71 -19 56 37 -32 3 87 99 55 99 14(10-19) (3)

±6 ±11 ±8 ±6 ±3 ±10 ±1 ±7 ±2 ±7 ±3
0.01 84 61 -27 54 34 -37 3 80 94 49 92 16(12-21) (3)

±6 ±7 ±7 ±5 ±6 ±14 ±1 ±8 ±5 ±3 ±4
0.2 85 38 -56 54 20 -64 5 81 96 51 95 276(33-600) (6)

±11 ±13 ±10 ±7 ±9 ±14 ±2 ±11 ±3 ±8 ±6



Table A.I. Arterial pressure dose-response relationships —  Continued

Compound

Cation 
Cone. 
(M)

Systolic Diastolic Systolic Diastolic
Pre
Inj

Post
Inj

Pet
Chg

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov Recov

Pet
Recov

Time 
Rec(Range) (n)

Mg.DTPA 0.5 81 2 -98 52 0 -100 3 __ — (6)
L ±10 ±3 ±4 ±8 ±0 ±0 ±1

CaCl0 C 83 73 -13 50 39 -24 3 84 100 49 97 16(9-26) (4)2 ±10 ±11 ±3 ±7 ±6 ±2 ±1 ±11 ±3 ±9 ±6
0.2 91 65 -27 51 23 -54 4 88 97 45 87 115(22-300) (3)

±7 ±13 ±19 ±12 ±12 ±22 ±2 ±9 ±4 ±9 ±2
0.4 90 0 -100 49 0 -100 3 69 76 37 77 600(300-900) (3)

±9 ±0 ±0 ±12 ±0 ±0 ±1 ±7 ±11 ±5 ±11
0.5 73 0 -100 42 0 -100 2 - - - - - (2)

CaDyDTPA C 78 77 2 49 49 -2 4 80 102 51 104 28(10-72) (6)
±15 ±19 ±9 ±7 ±13 ±13 ±3 ±16 ±4 ±9 ±7

0.04 79 71 —9 49 38 -24 3 81 103 51 103 13(8-15) (4)
±17 ±18 ±10 ±9 ±8 ±6 ±1 ±17 ±5 ±9 ±4

0.2 80 66 -20 51 31 -41 4 78 98 48 95 38(14-120) (4)
±16 ±22 ±18 ±8 ±11 ±46 ±2 ±15 ±6 ±7 ±11

0.3 75 61 -19 48 28 -42 4 80 107 50 90 11(10-11) (2)
0.4 82 36 -60 50 17 -69 2 92 103 54 99 219(35-600) (4)

±20 ±41 ±47 ±9 ±20 ±37 ±1 ±6 ±10 ±4 ±9

v £ >O



Table A.I. Arterial pressure dose-response relationships —  Continued

Compound

Cation
Cone.
(M)

Systolic Diastolic Systolic Diastolic
Pre
Inj

Post
Inj

Pet
Chg

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov Recov

Pet
Recov

Time 
Rec(Range) (n)

Ca.DTPA C 80 81 1 52 50 -4 4 83 103 52 101 7(3-9) (4)
L ±11 ±16 ±7 ±10 ±14 ±10 ±3 ±14 ±4 ±13 ±5

0.05 90 72 -20 60 39 -35 3 92 102 60 101 20(15-24) (2)
0.2 84 70 -16 54 36 -33 3 86 103 54 102 16(9-24) (4)

±14 ±9 ±4 ±13 ±9 ±6 ±0 ±13 ±6 ±10 ±8
0.5 85 54 -37 54 19 -65 3 81 96 51 96 158(16-300) (4)

±13 ±9 ±13 ±11 ±9 ±16 ±0 ±9 ±5 ±6 ±7
1.0 81 31 -62 52 11 -78 2 64 80 37 75 576(23-1200) (4)

±9 ±28 ±37 ±10 ±9 ±19 ±1 ±12 ±21 ±8 ±25
1.5 65 21 —68 40 4 -89 4 59 91 32 84 600(300-900) (3)

±1 ±25 ±39 ±4 ±4 ±10 ±3

KC1 C 74 68 -10 51 46 -10 3 71 95 49 94 8(1-18) (5)
±11 ±16 ±15 ±8 ±11 ±11 ±1 ±15 ±9 ±12 ±10

0.05 84 71 -14 54 40 -25 2 84 101 55 102 18(18-19) (3)
±9 ±6 ±10 ±6 ±6 ±16 ±1 ±6 ±4 ±5 ±2

0.1 80 63 -22 54 35 -36 3 81 100 52 97 15(10-19) (3)
±3 ±7 ±7 ±4 ±13 ±19 ±0 ±4 ±2 ±6 ±4

0.2 83 28 -65 54 14 -74 1 79 98 50 94 27(25-29) (3)
±5 ±24 ±30 ±2 ±12 ±22 ±2

0.5 78 0 -100 51 0 -100 3 — — (2)



Table A.I. Arterial pressure dose-response relationships —  Continued

Systolic Diastolic Systolic Diastolic

Compound

Cation
Cone.
(M)

Pre
Inj

Post
Inj

Pet
Chg

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov Recov

Pet
Recov

Time 
Rec(Range) (n)

K2DyDTPA C 92
±10

93
±8

2
±5

61
±7

62
±5

2
±6

5
±3

95
±9

103
±2

63
±5

105
±4

12(3-20) (4)

0.1 88 91 4 62 63 2 8 91 104 63 103 15(10-20) (2)
0.2 103 44 -59 69 18 -75 4 103 100 70 102 150(120-180) (2)
0.5 98

±12
0
±0

-100
±0

65
±10

0
±0

-100
±0

0
±0

- - - - — (3)

1.0 98 0 -100 68 0 -100 1 - - - - - (2)

(NMDG)2
DyDTPA C 93

±8
90

±11
-3
±4

64
±5

57
±10

—8
±7

3
±1

94
±9

101
±2

62
±7

100
±3

8(3-17) (6)

0.16 94
±10

92
±14

-2
±5

64
±6

60
±9

-6
±6

12
±11

95
±11

101
±2

62
±7

97
±4

23(11-33) (3)

0.2 93
±10

90
±9

-3
±2

62
±12

57
±10

-7
±4

3
±1

94
±10

100
±1

61
±12

100
±1

7(5-11) (3)

0.8 96
±11

89
±10

-7
±1

64
±8

56
±7

-13
±1

4
±5

96
±10

100
±1

60
±5

94
±5

21(15-32) (3)

1.0 93
±8

81
±18

-13
±13

60
±10

49
±16

-20
±15

6
±6

95
±7

102
±2

59
±9

97
±3

47(6-120) (3)

1.6 98
±14

77
±9

-21
±2

63
±9

41
±3

-33
±6

6
±4

98
±14

100
±2

64
±9

102
±2

88(25-120) (3)

2.0 92
±8

62
±26

-34
±25

58
±11

34
±16

-43
±22

6
±1

81
±26

87
±21...

51
±18I

87
±15

148(24-300) (3)
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Table A.2. Right ventricular systolic pressure dose-response
relationships —  Mean S.D.; no S.D. for means of less than 
3 values. Due to large variations in recovery times, the 
mean and extreme values are given. Data for single deter
minations are not listed. Pre and post injection values 
are in units of mmHg. Recovery times are given in seconds.

Compound

Cation 
Cone. 
(M)

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov

Time 
Rec(Range) (n)

NaCl C 20 21 5 5 20 102 13(3-25) (8)
±4 ±5 ±13 ±3 ±5 ±12

0.2 19 20 6 6 18 100 14(4-30) (5)
±7 ±7 ±8 ±3 ±5 ±9

0.5 19 21 8 5 21 108 74(19-180) (5)
±7 ±7 ±6 ±2 ±7 ±6

1.0 20 24 20 22 23 109 60(24-180) (5)
±8 ±8 ±21 ±15 ±9 ±27

1.5 20 29 49 10 26 130 186(19-300) (4)
±3 ±4 ±42 ±7 ±4 ±39

2.0 20 27 35 6 24 121 126(25-180) (4)
±3 ±5 ±15 ±3 ±5 ±15

3.0 22 20 -11 32 29 129 384(37-600) (4)
±3 ±7 ±34 ±26 ±7 ±17

4.0 23 9 -63 20 - - - (3)
±7 ±8 ±33 ±17

Na^DyDTPA C 21 22 4 4 21 103 4(3-6) (5)
±3 ±3 ±8 ±1 ±3 ±7

0.2 23 24 3 3 23 100 13(3-26) (3)
±4 ±4 ±3 ±0 ±3 ±5

1.0 25 26 5 6 26 104 68(15-120) (2)
1.5 21 22 6 13 24 114 34(17-30) (3)

±1 ±3 ±16 ±15 ±3 ±10
2.0 23 24 0 12 24 105 65(25-120) (3)

±3 ±6 ±17 ±2 ±2 ±9
3.0 23 17 -26 5 23 100 350(30-900) (3)

±2 ±4 ±23 ±2 ±2 ±0
4.0 25 18 -29 9 (2)
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Table A.2. Right ventricular systolic pressure changes —  Continued

Compound
Cation 
Cone. 
(M)

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov

Time 
Rec(Range) (n)

MgCl2 C 20 24 19 3 24 119 4(2-10) (5)
±2 ±3 ±27 ±1 ±3 ±27

0.05 21 25 18 5 25 118 5(3-7) (2)
0.1 21 21 2 4 22 104 7(2-14) (4)

±2 ±2 ±10 ±3 ±2 ±7
0.2 21 21 -2 6 21 98 81(2-300) (4)

±1 ±3 ±12 ±6 ±1 ±3
0.5 20 11 -53 5 21 106 238(4-600) (4)

±2 ±13 ±55 ±2 ±1 ±10
1.0 22 0 -100 — — — — (3)

±3 ±0 ±0

MgDyDTPA C 15 17 12 4 17 114 13(6-20) (3)
±5 ±5 ±6 ±2 ±2 ±28

0.1 17 19 19 3 20 119 3(2-5) (3)
±4 ±5 ±9 ±2 ±6 ±9

0.5 19 2 —88 4 22 98 150(120-180) (3)
±5 ±4 ±21 ±2

1.0 22 0 -100 6 - - - (2)
Mg2DTPA C 16 19 24 4 18 113 10(3-20) (6)

±4 ±2 ±20 ±1 ±3 ±16
0.05 17 18 8 6 17 105 8(3-12) (3)

±4 ±5 ±12 ±5 ±4 ±10
0.1 16 18 9 9 17 108 13(4-21) (3)

±4 ±6 ±8 ±10 ±5 ±7
0.2 18 12 -25 5 18 99 40(15-120) (6)

±3 ±7 ±18 ±2 ±3 ±6
0.5 19 0 -100 3 — — - (6)

±3 ±0 ±0 ±1

CaCl2 C 26 27 4 3 26 102 17(9-26) (4)
±7 ±4 ±13 ±1 ±5 ±8

0.2 24 22 -7 4 25 104 48(3-120) (3)
±4 ±8 ±44 ±2 ±5 ±9
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Table A.2. Right ventricular systolic pressure changes —  Continued

Compound
Cation 
Cone. 
(M)

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov

Time 
Rec(Range) (n)

CaCl2 0.4 24 0 -100 2 25 105 600(300-900) (3)
±3 ±0 ±0 ±1 ±1 ±9

0.5 26 0 2 - - - - (2)
CaDyDTPA C 19 20 3 4 20 107 21(2-72) (6)

±4 ±7 ±18 ±2 ±3 ±10
0.04 20 23 16 3 23 120 12(8-22) (4)

±7 ±8 ±26 ±1 ±6 ±21
0.2 20 24 19 5 24 115 34(10-120) (4)

±6 ±9 ±27 ±3 ±9 ±22
0.3 19 18 -7 4 22 115 12(11-13) (2)
0.4 24 19 -32 16 29 114 312(35-600) (4)

±9 ±19 ±63 ±16 ±11 ±15

Ca2DTPA C 19 22 13 4 21 111 6(2-9) (4)
±1 ±3 ±10 ±3 ±2 ±6

0.05 21 23 11 3 23 108 14(3-24) (2)
0.2 21 25 17 3 22 104 13(9-18) (4)

±2 ±2 ±18 ±0 ±2 ±3
0.5 22 21 -1 3 21 97 206(17-300) (4)

±2 ±3 ±14 ±1 ±3 ±6
1.0 21 15 -39 2 22 120 43(23-62) (4)

±5 ±14 ±53 ±1
1.5 - - - - - - - (3)

KC1 C 25 26 4 7 26 104 7(1-18) (4)
±7 ±7 ±7 ±8 ±7 ±7

0.05 26 27 1 3 27 102 13(2-19) (3)
±7 ±9 ±10 ±1 ±8 ±3

0.1 26 27 6 4 27 105 16(13-19) (3)
±9 ±7 ±10 ±1 ±8 ±4

0.2 26 18 -22 6 26 111 17(8-25) (3)
±7 ±17 ±67 ±4

0.5 24 0 -100 3
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Table A.2. Right ventricular systolic pressure changes —  Continued

Compound
Cation
Cone.
(M)

Pre
Inj

Post
Inj

Pet
Chg

Time 
Max Chg Recov

Pet
Recov

Time 
Rec(Range) (n)

K2DyDTPA C 17 18 4 9 18 104 9(3-20) (4)
±5 ±7 ±15 ±8 ±7 ±15

0.1 16 22 36 5 21 130 15(10-20) (2)
0.2 23 20 -14 6 24 104 70(20-120) (2)
0.5 21 0 -100 0 — — — (3)

±8 ±0 ±0 ±0
1.0 19 0 -100 - - - - (2)

(NMDG)2
DyDTPA C 24 26 9 8 26 109 8(3-17) (6)

±4 ±4 ±9 ±5 ±4 ±0
0.16 21 23 8 12 22 105 23(11-33) (3)

±3 ±2 ±7 ±11 ±2 ±5
0.2 28 29 3 6 29 102 6(1-11) (3)

±3 ±3 ±3 ±5 ±4 ±3
0.8 23 25 9 10 25 109 10(3-18) (3)

±3 ±1 ±10 ±8 ±1 ±10
1.0 28 31 11 9 30 105 83(3-240) (3)

±3 ±4 ±3 ±9 ±2 ±7
1.6 24 29 22 10 28 117 49(10-120) (3)

±1 ±1 ±3 ±7 ±2 ±9
2.0 28 31 5 21 31 105 210 (3)

±4
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