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Purpose: To compare intravascular contrast enhancement pro-
duced by the manganese-based magnetic resonance (MR) 
imaging contrast agent manganese-N-picolyl-N,N’,N’-
trans-1,2-cyclohexenediaminetriacetate (Mn-PyC3A) to 
gadopentetate dimeglumine (Gd-DTPA) and to evalu-
ate the excretion, pharmacokinetics, and metabolism of 
Mn-PyC3A.

Materials and 
Methods:

Contrast material–enhanced MR angiography was per-
formed in baboons (Papio anubis; n = 4) by using Mn-
PyC3A and Gd-DTPA. Dynamic imaging was performed 
for 60 minutes following Mn-PyC3A injection to monitor 
distribution and elimination. Serial blood sampling was 
performed to quantify manganese and gadolinium plasma 
clearance by using inductively coupled plasma mass spec-
trometry and to characterize Mn-PyC3A metabolism by 
using high-performance liquid chromatography. Intravas-
cular contrast enhancement in the abdominal aorta and 
brachiocephalic artery was quantified by measuring con-
trast-to-noise ratios (CNRs) versus muscle at 9 seconds 
following Mn-PyC3A or Gd-DTPA injection. Plasma phar-
macokinetics were modeled with a biexponential function, 
and data were compared with a paired t test.

Results: Aorta versus muscle CNR (mean 6 standard deviation) 
with Mn-PyC3A and Gd-DTPA was 476 6 77 and 538 6 
120, respectively (P = .11). Brachiocephalic artery versus 
muscle CNR was 524 6 55 versus 518 6 140, respectively 
(P = .95). Mn-PyC3A was eliminated via renal and hepa-
tobiliary excretion with similar pharmacokinetics to Gd-
DTPA (area under the curve between 0 and 30 minutes, 
20.2 6 3.1 and 17.0 6 2.4, respectively; P = .23). High-
performance liquid chromatography revealed no evidence 
of Mn-PyC3A biotransformation.

Conclusion: Mn-PyC3A enables contrast-enhanced MR angiography 
with comparable contrast enhancement to gadolinium-
based agents and may overcome concerns regarding gad-
olinium-associated toxicity and retention.
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GBCAs in 2015 (22). PyC3A is a hexa-
dentate chelator that was rationally 
designed to complex manganese in a 
manner that simultaneously provides 
high relaxivity and is largely resistant 
to manganese dissociation. The PyC3A 
chelator is derived from a highly rigid 
trans-1,2-cyclohexanediamine back-
bone that is believed to strongly disfa-
vor molecular transition states that lead 
to manganese release. For instance, 
Mn-PyC3A was 20 times more inert to 
metal ion release than was gadopen-
tetate dimeglumine (Gd-DTPA) when 
challenged with an excess of zinc ions 
(Zn2+). PyC3A stably chelates the man-
ganese ion (Mn2+) but leaves one site 
available for water to bind to the Mn2+ 
ion, which results in relaxivity that is 
comparable to that of GBCAs (R1 of 3.8 
mmol · L21 · sec21 for Mn-PyC3A com-
pared with 3.6 mmol · L21 · sec21 for 
gadoterate meglumine (Gd-DOTA) and 
4.1 mmol · L21 · sec21 for Gd-DTPA 
in blood plasma, 37°C, 1.5 T [22,23]). 
Mn-PyC3A also possesses an aromatic 
pyridine ring that promotes partial hep-
atobiliary clearance, a feature that may 
be important in patients with impaired 
renal function. Contrast-enhanced MR 
imaging in mice showed fast blood 

The previous 3 years have seen 
the emergence of GBCA-related safety 
concerns in patients with normal renal 
function. A series of reports beginning 
in 2014 confirm long-term gadolinium 
retention in the central nervous system 
(CNS) and skin of patients who under-
went contrast material–enhanced ex-
aminations (15–18). Moreover, in 2016, 
four cases of nephrogenic systemic fi-
brosis were reported in patients with 
normal renal function who had received 
GBCAs (19). The implications of gado-
linium retention in the CNS remain un-
clear. The European Medicines Agency 
recently recommended the suspension 
of marketing authorizations for four 
GBCAs in response to the discovery of 
gadolinium accumulation in the CNS 
(20). The FDA recently released a 
statement to reiterate that no evidence 
exists of toxicity arising from gadolini-
um accumulation in the CNS, but also 
urged continued caution and restraint 
when ordering GBCA-enhanced exam-
inations (21).

It is believed that nephrogenic 
systemic fibrosis and gadolinium ac-
cumulation in the CNS are the result 
of gadolinium release from the GBCA. 
Nephrogenic systemic fibrosis incidence 
and CNS accumulation are greater 
following exposure to the linear GB-
CAs, which in general are less resistant 
to gadolinium release than are the mac-
rocyclic GBCAs. The three GBCAs that 
are contraindicated according to FDA 
guidelines in patients with a glomeru-
lar filtration rate of less than 30 mL/
min/1.73 m2 are all in the linear class of 
agents, as are the four GBCAs recently 
recommended for market withdrawal 
by the European Medicines Agency. 
A manganese-based contrast agent 
manganese-N-picolyl-N,N’,N’-trans-1,2-
cyclohexenediaminetriacetate (Mn-Py-
C3A) was reported as an alternative to 
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Advances in Knowledge

 n The manganese-based contrast 
agent Mn-PyC3A produces intra-
vascular contrast enhancement 
that is comparable to that of the 
commercially available gadolin-
ium-based contrast agent gado-
pentetate dimeglumine (Gd-
DTPA) in a nonhuman primate 
model.

 n Mn-PyC3A is cleared via both 
renal and hepatobiliary excretion 
and is eliminated from blood 
plasma with comparable pharma-
cokinetics to Gd-DTPA.

 n High-performance liquid chroma-
tography examination of blood 
plasma and urine reveals that 
Mn-PyC3A is cleared intact with-
out undergoing metabolism or 
degradation.

Implication for Patient Care

 n Mn-PyC3A may enable contrast-
enhanced MR angiography in 
patients with renal insufficiency 
who are currently contraindi-
cated for gadolinium-based con-
trast agents.

Gadolinium-based contrast agents 
(GBCAs) provide positive con-
trast material enhancement on 

magnetic resonance (MR) images to 
help diagnose tissue and vascular ab-
normalities that may be otherwise 
missed on nonenhanced images (1–9). 
Accordingly, GBCAs are an integral 
component of modern radiologic care. 
The previous decade has seen an in-
crease in safety concerns regarding the 
use of GBCAs. In 2007, an association 
between GBCA-enhanced MR imaging 
and nephrogenic systemic fibrosis was 
observed in patients with impaired 
renal function (10,11). The U.S. Food 
and Drug Administration (FDA) issued 
a contraindication against three of the 
eight commercially available GBCAs 
in patients with a glomerular filtration 
rate of less than 30 mL/min/1.73 m2, 
and current American College of Ra-
diology guidelines advise against using 
any GBCA in patients with a glomer-
ular filtration rate of less than 40 mL/
min/1.73 m2 (12,13). Patients with re-
nal insufficiency can also be adversely 
affected by iodinated contrast agents, 
in some cases requiring hemodialysis 
(14). Consequently, patients with ad-
vanced chronic kidney disease or acute 
kidney injury are often denied valuable 
contrast-enhanced examinations.
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as the standard deviation of the signal 
measured in the air outside of the an-
imal (SDair). Contrast-to-noise ratio 
(CNR) was calculated from the differ-
ence in signal intensity (SI) between 
the artery (abdominal aorta, brachio-
cephalic artery) (SIartery) and adja-
cent muscle (SImuscle) according to the 
following equation: CNR = (SIartery 2 SI-

muscle)/SDair. Signal-to-noise ratio (SNR) 
was calculated by using the following 
equation: SI/SDair. Normalized SNR was 
calculated by taking the SNR after con-
trast agent injection and dividing it by 
the SNR prior to injection.

Relaxivity of Contrast Agents
Relaxivity measurements for Mn-PyC3A 
and Gd-DTPA in human plasma at 3.0 
T and 37°C were performed by using 
a clinical imager (Siemens Skyra; Er-
langen, Germany). Relaxivity was de-
termined by plotting R1 as a function 
of agent concentration from 0.15–0.60 
mmol/L. R1 was measured on phantoms 
encased in a 37°C thermal jacket by 
using an inversion-recovery spin-echo 
sequence with nine recovery times vary-
ing between 50 msec and 3000 msec.

Blood Plasma and Urine Analysis
Manganese and gadolinium content 
in plasma were determined by using 
an inductively coupled plasma mass 
spectrometry system (Agilent 8800-
QQQ; Santa Clara, Calif). The plasma 
samples were diluted with 0.1% Tri-
ton X-100 in 5% nitric acid. A lin-
ear calibration curve for each metal 
ranging from 0.1 ppb to 200 ppb was 
generated daily for the quantification. 
Plasma manganese and gadolinium 
clearance data were fit to a biexpo-
nential model: Cp (t) = Aexp (2at) + 
Bexp (2bt), where Cp (t) is plasma 
metal concentration at time t, a and 
b are the distribution and elimination 
rates, respectively, and A and B are 
the distribution and elimination coef-
ficients, respectively. Area under the 
curve was estimated by integrating the 
clearance data between 0–t, and Cp 
(0) was estimated from the sum of A 
+ B. Blood plasma and urine were also 
analyzed by using high-performance 
liquid chromatography interfaced to 

delivery and blood draw, respectively, 
and the animals were transferred to a 
cradle customized for the imaging stud-
ies. Contrast agents were formulated at 
0.25 M. Animals were imaged prior to, 
during, and following contrast agent in-
jection for a total period of 60 minutes 
following Mn-PyC3A injection and 30 
minutes following Gd-DTPA injection. 
End-tidal carbon dioxide, oxygen satu-
ration, heart rate, and respiration rate 
were monitored continuously during 
the course of the imaging. Serial blood 
draws were performed throughout the 
course of the imaging experiment, 
and a sample of the first urine passed 
following the imaging study (.100 mi-
nutes after Mn-PyC3A injection) was 
collected for analysis.

MR Imaging Protocol
MR imaging data were acquired with 
a 3.0-T clinical whole-body MR imager 
(Siemens Biograph mMR; Erlangen, 
Germany) by using a three-dimensional 
free-breathing coronal T1-weighted sin-
gle gradient-echo sequence with the 
following parameters: repetition time 
msec/echo time msec, 4.32/1.42; flip 
angle, 25°; field of view, 480 mm; phase 
field of view, 78.1% (in-plane resolu-
tion, 1.4 mm 3 1.1 mm); section thick-
ness, 1.5 mm; and number of sections, 
64. After baseline imaging, Mn-PyC3A 
(0.1 mmol/kg, 1.5 mL/sec injection 
rate) was administered, and imaging 
was repeated in a dynamic fashion for 
60 minutes. Then Gd-DTPA was inject-
ed at the same dose, injection volume, 
and injection rate, and the animal was 
imaged for another 30 minutes.

Image Analysis
MR images were analyzed by using 
open-source software (OsiriX; https://
www.osirix-viewer.com). Regions of 
interest were drawn in the abdominal 
aorta directly below the renal arteries, 
brachiocephalic artery, psoas muscle, 
pectoralis muscle, kidneys, and liver 
and signal intensity was quantified. 
Visual assessment of the origins and 
proximal course of the branch vessels 
of the thoracic aorta was performed by 
a reader with 18 years of clinical ex-
perience (D.E.S.). Noise was quantified 

clearance, mixed renal and hepatobili-
ary elimination, and complete excretion 
of injected manganese when measured 
at 24 hours after injection.

In our study, to test the hypothesis 
that Mn-PyC3A could serve as a viable 
replacement for GBCA, MR angiogra-
phy with both Mn-PyC3A and Gd-DTPA 
was performed in nonhuman primates 
with a 3.0-T clinical imager. The pur-
pose of our study was to compare the 
intravascular contrast enhancement 
produced by the manganese-based MR 
imaging contrast agent Mn-PyC3A to 
that of Gd-DTPA and to evaluate the 
excretion, pharmacokinetics, and me-
tabolism of Mn-PyC3A.

Materials and Methods

E.M.G. and P.C. are cofounders of 
Reveal Pharmaceuticals (which has a 
licensing agreement for the patents 
covering Mn-PyC3A) and hold greater 
than 5% equity in the company. The 
authors had control of the data and the 
information submitted for publication. 
All experiments were performed in ac-
cordance with the National Institutes 
of Health’s Guide for the Care and Use 
of Laboratory Animals, 8th Edition, 
and were approved by the institutional 
animal care and use committee of 
Massachusetts General Hospital. Syn-
thesis of Na(Mn-PyC3A) was prepared 
by using a previously reported protocol 
(22). Gd-DTPA (Bayer, Whippany, NJ) 
was diluted to 0.25 M by using sterile 
water.

Experimental Protocol
Two female baboons (Papio anubis; 
weight, 14.2 kg and 17.4 kg) were in-
cluded in our study (n = 2). Each ani-
mal underwent two imaging sessions on 
two separate days (four total injections 
per compound). Animals were fasted 
for 12 hours prior to the study. Anes-
thesia was induced with intramuscular 
ketamine (10 mg/kg) and xylazine (0.4 
mg/kg) and maintained with 1%–1.5% 
isoflurane. A dose of intramuscular yo-
bine (0.11 mg/kg) was given prior to im-
aging to reverse the effects of ketamine 
and xylazine. Bilateral saphenous veins 
were cannulated for contrast agent 
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strong enhancement of the kidneys and 
ureters following Mn-PyC3A injection, 
which diminished with time. Figure 
3, E–H, are multiplanar reformatted 
images of the liver and biliary tree. 
Hepatic enhancement was delayed but 
increased after 2 minutes (liver-to-
muscle CNRs prior to and 2 minutes 
following Mn-PyC3A injection were 
9.0 6 8.2 and 67.2 6 15.4, respec-
tively) and then remained largely un-
changed throughout the course of the 
imaging experiment. Biliary enhance-
ment was apparent at 20 minutes af-
ter injection and increased with time. 
Figure 3, I–K, depict the normalized 
SNR in the blood, kidney, and liver 
as a function of time following Mn-Py-
C3A injection. The blood and kidneys 
were strongly enhanced immediately 
after injection, after which normal-
ized SNR decreased biexponentially. 
The time course of blood and kidney 

.11; Table 1). Likewise, Figure 2  
shows an axial view of the branch ves-
sels of the aortic arch prior to and 
9 seconds after the injection of Mn-
PyC3A or Gd-DTPA, respectively. The 
brachiocephalic artery versus adja-
cent muscle CNR was 524 6 55 for 
Mn-PyC3A and 518 6 140 for Gd-DT-
PA (P = .95; Table 1). All branch ves-
sels were observed with both agents. 
CNR values for Mn-PyC3A and Gd-
DTPA in the abdominal aorta and bra-
chiocephalic artery are tabulated in 
Table 1 and demonstrate comparable 
enhancement between the two agents 
in their MR angiographic properties.

Dynamic MR imaging showed that 
Mn-PyC3A undergoes mixed renal and 
hepatobiliary clearance. Figure 3, A–D,  
are multiplanar reformatted images 
of the kidneys prior to, 9 seconds, 20 
minutes, and 40 minutes after Mn-Py-
C3A injection. There was immediate 

the inductively coupled plasma mass 
spectrometry system as a detector.

Statistical Analysis
Comparisons of CNR and pharmacoki-
netic parameters between Mn-PyC3A 
and Gd-DTPA were performed by us-
ing a two-sided paired t test. P values 
less than .05 were considered to indi-
cate statistical significance (GraphPad 
Prism; https://www.graphpad.com/
scientific-software/prism).

Results

Relaxivity Measurements
The measured T1 relaxivities of Mn-
PyC3A and Gd-DTPA in human blood 
plasma at 3.0 T and 37°C were 3.4 
mmol · L21 · sec21 6 0.03 and 4.2 
mmol · L21 · sec21 6 0.38, respectively.

MR Imaging
Both contrast agents produced strong 
intravascular contrast enhance-
ment. The abdominal aorta and re-
nal arteries were well delineated 
with both Mn-PyC3A and Gd-DTPA 
during their arterial phase (Fig 1).  
The abdominal aorta versus adjacent 
muscle CNR was 476 6 77 (mean 6 
standard deviation) for Mn-PyC3A 
and 538 6 120 for Gd-DTPA (P = 

Figure 1

Figure 1: Multiplanar reformatted coronal images from three-dimensional T1-weighted gradient-echo (volume-interpolated breath-
hold examination) sequence acquired at 3.0 T show abdominal aorta and renal arteries, A, prior to injection of contrast agent, B, 9 
seconds after injection of 0.1 mmol/kg Mn-PyC3A, and, C, 9 seconds after injection of 0.1 mmol/kg Gd-DTPA.

Table 1

Comparison of CNR 9 Seconds after Injection of Mn-PyC3A versus Gd-DTPA 
Demonstrates a Similar Degree of Intravascular Contrast Enhancement

Parameter
CNR vs Adjacent Muscle  
(Mn-PyC3A)

CNR vs Adjacent Muscle  
(Gd-DTPA)

P Value (Manganese  
vs Gadolinium)

Abdominal aorta 476 6 77 537 6 120 .11
Brachiocephalic artery 524 6 55 518 6 140 .95

Note.—Data are means 6 standard deviation. 
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plasma relaxivities of gadopentetate, 
gadoteridol, and gadoterate at 1.5 T 
and 3.0 T (23).

The pharmacokinetic behavior of 
Mn-PyC3A is consistent with an extra-
cellular distribution, which is expected 
for a small, hydrophilic, anionic chelate. 
Ex vivo analysis of blood and urine col-
lected following Mn-PyC3A injection 
strongly suggest that Mn-PyC3A does 
not undergo significant dissociation, but 
is rather excreted intact. Only intact 
Mn-PyC3A was detected in blood and 
urine. Free, dissociated Mn2+ is known 
to accumulate in the myocardium and 
pancreas in addition to hepatobiliary 
uptake (24–27). Dynamic MR imaging 
showed that Mn-PyC3A is transported 
through the liver and into the bile. 
However, there was no persistent con-
trast enhancement of the myocardium 
or of the pancreas, which suggests that 
it is intact Mn-PyC3A and not free Mn2+ 
that is being taken up by hepatocytes. 
The absence of observable metabolism 

Discussion

Our imaging and pharmacokinetics 
data support the hypothesis that 
Mn-PyC3A is a potentially viable al-
ternative to GBCAs. The relaxivity 
of Mn-PyC3A is comparable to that 
of the commercially available GBCA 
Gd-DTPA, and MR angiography dem-
onstrated that Mn-PyC3A performs 
comparably to Gd-DTPA for blood 
vessel imaging. Dynamic imaging of 
the abdomen revealed rapid blood 
clearance and mixed renal and hepa-
tobiliary elimination of Mn-PyC3A. 
The imaging study was performed 
at 3.0 T, but the plasma relaxivity of  
Mn-PyC3A at lower field (3.8 mmol 
· L21 · sec21 at 1.4 T, 37°C) is also 
similar to relaxivities of most GBCAs 
at 1.5 T (22,23). We anticipate that 
Mn-PyC3A will perform similarly to 
GBCAs at the lower field strength as 
well. Indeed, the relaxivity of Mn-
PyC3A is within 10% of the reported 

signal enhancement following Mn-
PyC3A injection was similar to that 
observed following Gd-DTPA injection 
(Fig E1 [online]).

Pharmacokinetics
Table 2 shows the pharmacokinetic 
parameters estimated from the Mn-
PyC3A and Gd-DTPA plasma clearance 
data. For Mn-PyC3A, the compound 
exhibits a biexponential clearance typi-
cal of extracellular contrast agents with 
a half-life of distribution of 1.2 minutes 
6 0.3 and a half-life of elimination of 
40.1 minutes 6 3.2. Because blood 
sampling following Gd-DTPA injection 
was only performed for 30 minutes, 
a reliable estimation of the elimina-
tion half-life of Gd-DTPA could not be 
obtained. The agents exhibit similar 
plasma clearance profiles during the 
window of 0–30 minutes available for 
comparison (Fig E2 [online]). The area 
under the curve between 0 and 30 mi-
nutes calculated from the Mn-PyC3A 
and Gd-DTPA plasma clearance data 
are nearly identical (20.2 6 3.1 vs 17.0 
6 2.4, respectively; P = .23) and indi-
cate that the two agents distribute and 
are eliminated from the blood with sim-
ilar pharmacokinetics.

Metabolism
Mn-PyC3A exists as a mixture of two 
interconvertible diastereomers in 
solution that arise from the manner 
in which the ligand wraps about the 
manganese ion (22). These isomers, 
found in an equilibrium ratio of 1:13, 
can be separated by high-performance 
liquid chromatography and are shown 
in Figure 4, A, with retention times 
of 7.5 minutes and 8.3 minutes, re-
spectively. In plasma, the only manga-
nese-containing species present after 
Mn-PyC3A injection are the two Mn-
PyC3A isomers (Fig 4, B) and both 
isomers clear from the plasma at the 
same rate. Figure 4, C, shows high-
performance liquid chromatography 
traces of the first urine passed after 
the imaging experiment, which oc-
curred more than 100 minutes after 
Mn-PyC3A injection. As in the serum, 
the only manganese species present 
are the Mn-PyC3A isomers.

Figure 2

Figure 2: Axial T1-weighted images show branch arteries of thoracic aorta, A, 9 seconds after injection 
of Mn-PyC3A and, B, 9 seconds after injection of Gd-DTPA. Images were acquired at, C, level of green line 
intersecting the coronal thoracic image.
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diphosphate chelator recovered from 
the urine is near completely stripped 
of manganese (32). Despite functioning 
by releasing free Mn2+ ion, manganese 

on injection, releasing free manga-
nese into the bloodstream (32) that is 
then rapidly taken up by the liver, pan-
creas, and myocardium. The dipyridoxyl 

or dissociation indicates that the dy-
namics of signal change following Mn-
PyC3A injection will solely reflect con-
trast agent distribution and further 
supports interchangeability between 
Mn-PyC3A and GBCAs. In the context 
of renal insufficiency, the hepatobiliary 
clearance may prove valuable in elimi-
nating the contrast agent.

There is already precedence for the 
safe and effective use of manganese-
based contrast agents. The contrast 
agent manganese dipyridoxyl diphos-
phate has an FDA indication for imag-
ing liver lesions, although the product 
is discontinued (28–31). Manganese 
dipyridoxyl diphosphate is dissociated 

Figure 3

Figure 3: Pharmacokinetics and elimination of Mn-PyC3A via kidneys (top row) and liver (second row). Multiplanar reformatted serial images in top and middle 
panels show, A–D, urogenital system and, E–H, liver, respectively. Images were acquired, A, E, before Mn-PyC3A injection and, B, F, at 9 seconds, C, G, at 20 mi-
nutes, and, D, H, at 40 minutes after injection. A–D, Images depict kidneys, abdominal aorta, renal arteries, and ureters (arrows). Rapid renal filtration is evidenced by 
strong renal enhancement 9 seconds after injection and by limited enhancement at 20 minutes. Clearance into urine is also evident by signal enhancement in ureter. 
E–H, Images depict liver, common bile duct (white arrowhead), and duodenum (black arrowhead). Hepatobiliary clearance is evident by delayed liver enhancement 
and biliary excretion starting at 20 minutes. I–K, Graphs show normalized SNR (nSNR) time course in blood, kidney, and liver, respectively, that was recorded out to 60 
minutes after Mn-PyC3A injection. Solid lines are biexponential fits to the data.

Table 2

Distribution and Elimination Half-Lives and AUC0–30 Recorded for Injection of 0.1 
mmol/kg Mn-PyC3A and Gd-DTPA

Parameter Mn-PyC3A Gd-DTPA P Value (n = 3)

Half-life of distribution (min) 1.2 6 0.3 1.1 6 0.7 .71
Half-life of elimination (min) 40.1 6 3.2 ND ND
AUC0–30 (µmol/g*min21) 20.2 6 3.1 17.0 6 2.4 .23

Note.—Data are means 6 standard deviation. AUC0–30 = area under the curve between 0 and 30 minutes. ND = not determined 
because of insufficient data.
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Figure 4

Figure 4: High-performance liquid chromatography with inductively coupled plasma mass spectrometry to detect traces of manganese in blood plasma and urine 
following Mn-PyC3A injection reveal no evidence of metabolism. A, Trace recorded from solution of injected material; the species eluting at 7.3 minutes and 8.5 
minutes are the two interconvertible diastereomers of Mn-PyC3A. B, Traces recorded from blood plasma drawn at 0, 1, 2, 5, 10, 15, 30, 45, and 60 minutes (front to 
back) after Mn-PyC3A injection. C, Trace recorded from urine collected after imaging experiment (.100 minutes after injection). Mn-PyC3A is the only manganese-
containing species identified in the blood and urine.
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