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Abstract

Purpose—To compare the effects of osmolality vs. viscosity of radio-contrast media on intra-
renal oxygenation as determined by blood oxygenation level dependent (BOLD) magnetic
resonance imaging (MRI) in a model of contrast induced nephropathy (CIN).

Materials and Methods—24 Sprague-Dawley rats were divided into five groups. Nitric oxide
synthase inhibitor L-NAME (10mg/kg), cycloxygenase inhibitor indomethacin (10mg/kg), or
saline, and radio-contrast iodixanol (high viscosity, 784 or 1600 mg 1/kg) or iothalamate (high
osmolality, 1600 mg 1/kg) were administered. BOLD MRI images were acquired on Siemens 3T
scanner using a multiple gradient recalled echo sequence at baseline, following L-NAME (or
saline), indomethacin (or saline), and radio-contrast agents. R2* (=1/T2*) was used as the BOLD
MRI parameter in renal medulla and cortex. Mixed-effects models with first order auto-regressive
variance-covariance models were used to analyze the data.

Results—The magnitude of change in medullary R2* (MR2*) with same dose of iodine was
larger with iodixanol compared to iothalalmate both in pre-treated groups (303% vs. 225.6%,
<0.01) and the control group (191.6% vs. -1.8%, p <0.01). The MR2* change in high dose
iodixanol was about twice compared to the low dose (303% vs. 133%, p<0.01).

Conclusion—The viscosity of radio-contrast seems to play a more significant role than
osmolality in terms of renal oxygenation changes as evaluated by BOLD MRI. Additionally,
iodixanol induced a dose-dependent increase in renal medullary hypoxia.
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INTRODUCTION

Since the time radio-contrast induced nephropathy (CIN) was recognized more than 50 years
ago (1), there have been continued efforts to chemically modify radio-contrast agents to be
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less nephrotoxic. Significant changes in their composition during the past few decades have
been made to potentially reduce the nephrotoxicity, but CIN remains to be the third major
source of in-hospital acquired acute renal failure and is associated with long-term morbidity
and mortality in elderly patients and those with pre-existing kidney insufficiency and
diabetes (2). The physico-chemical properties that have been varied include ionicity,
monomer vs. dimer, and osmolality (3). A consequence of reducing the osmolality seems to
be an increase in viscosity (4). Reducing osmolality has been shown to have a beneficial
effect on direct renal cell toxicity in some(5), but not all (6) /n vitro studies. There is
increasing evidence supporting negative hemodynamic consequences associated with
increased viscosity based on both /in vitro (7) and in vivo studies (8). Here it is important to
note that the viscosity increases much further in the medulla due to the concentration
process and has been demonstrated recently (9). While the relative contributions of the three
potential pathways, viz. hemodynamic, direct cellular toxicity and endogenous biochemical
disturbances such as oxidative stress have been recognized (10), there is no consensus yet on
which pathway is dominant.

The pathophysiology of CIN is not yet fully understood even though it is generally accepted
to involve acute tubular necrosis (ATN) resulting from vasoconstriction and consequent
renal medullary hypoxemia (4). Other effects include direct cytotoxicity, rheologic
alterations, activation of the tubuloglomerular feedback mechanism, regional hypoxia and
production of reactive oxygen species (4). Most previous studies do not have a control group
that do not get the contrast agent to evaluate causality (11). It may be desirable to have a
platform for comparing different contrast media in terms of assessing their relative risk for
developing CIN. Animal models can be useful for this purpose.

Here, we present our experience monitoring intra-renal oxygenation changes using Blood
Oxygenation Level-Dependent (BOLD) MRI following administration of contrast material
in a “functional” model of CIN previously reported (12). It was previously shown that the
deleterious effects of high osmolar contrast agent, iothalamate, were observed only when the
animals were pretreated with a nitric oxide synthase (NOS) and prostaglandin (PGE)
inhibitor (12). This could be viewed as a model of endothelial dysfunction, which is
associated with many of the conditions (such as heart disease, diabetes and chronic kidney
disease) considered to be risk factors for developing CIN (13). BOLD MRI is gaining
acceptance as a viable method of monitoring intra-renal oxygenation status (14-15). A
previous study has shown that BOLD MRI can be used to monitor progressive changes in
intra-renal oxygenation following administration of the 1st generation, high osmolar radio-
contrast iothalamate (16).

The specific goals for this study were to investigate any differences between the 3"
generation radio-contrast iodixanol and the 15t generation radio contrast iothalamate in terms
of their effects on intra-renal oxygenation as evaluated by BOLD MRI and to verify any
dose response with iodixanol.

MATERIALS AND METHODS

The study protocol was approved by the Institutional Animal Care and Use Committee.
Twenty four male Sprague-Dawley (SD) rats (Harlan Laboratories , Madison, WI USA)
weighing 336.4+10.3 gram (mean + SE) were divided into five groups as shown in Table 1.
Three groups received iodixanol, 3™ generation high viscosity contrast agent, (low and high
dose with pre-treatment and high dose control) and two groups received iothalamate, 15t
generation high osmolality contrast agent, (high dose with pre-treatment and control). Rats
were anesthetized using inactin (100 mg/kg i.p., Sigma-Aldrich, St. Louis, MO, USA). A
femoral vein was catheterized for the administration of nitric oxide synthase inhibitor (L-
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NAME, 10mg/kg, Sigma-Aldrich, St. Louis, MO, USA), cyclooxygenase (COX) inhibitor,
reducing the production of prostaglandin, (indomethacin, 10 mg/kg, Sigma-Aldrich, St.
Louis, MO, USA), or saline (1ml/kg), and radio-contrast agents. Indomethacin was
dissolved in saline using potassium hydroxide (KOH) and hydrochloric acid (HCI) to
balance the pH to 7.4-8.0.

Either iodixanol (Visipaque, iodine concentration 320 mg/ml, GE Healthcare, USA) or
iothalamate (Conray, iodine concentration 282 mg/ml, Mallinckrodt, St. Louis, MO, USA)
was administrated after pre-treatment. The low dose was 784 mg and high dose was 1600
mg of organic iodine per kilogram body weight. For reference, a contrast enhanced CT
delivers ~500 mgl/kg while cardiac angiography and percutaneous coronary intervention
(PCI) would deliver 2-3 fold more. The detailed information about the radio-contrast agents
is shown in Table 2.

Imaging was performed on a 3.0 T scanner (Magnetom Verio, Siemens, Germany) using a
multiple gradient recalled echo sequence (TE=3.6-41.3ms; FOV=12x6 cm; TR=69ms;
bandwidth=320Hz/pixel; FA=30°; NEX=20; matrix: 256x256; slice thickness=2mm) to
acquire 12 T2* weighted images. The rats were placed in a right decubitus position with
their kidneys in the middle of a standard extremity coil. One transverse slice was selected in
the middle of the kidney. Five sets of baseline BOLD images were acquired before of any
chemicals. Then L-NAME (or saline in control groups) and indomethacin (or saline in
control groups) were given as pre-treatment. Following each pre-treatment, five sets of
BOLD images were acquired. One of the radio-contrast agents was then administered.
Further sets of T2*-weighted images after the radio-contrast were obtained every 3 minutes
for one hour. Figure 1 shows the timing diagram.

The Ln (signal intensity) vs. echo time data were fit to a linear function to generate T2* map
inline. Regions of interest (ROIs) were defined on the anatomic image and copied to T2*
maps to obtain T2* reading and then converted into R2* in excel spread sheet. R2* maps
were independently generated using custom Matlab (Mathworks, Natick, MA) code where
signal intensity vs. echo time data were fit to a single exponential decay function. High R2*
value or brighter regions on the R2* map represent higher hypoxic levels.

To allow for a simple graphical representation of the data, a single representative R2* value
was generated for each animal by averaging all R2* readings within a time period. The time
series of BOLD R2* measurements were classified into four time periods, /.e. baseline (BL)
including time points 1 to 5, “pre-treatment-1” (L-NAME or saline for control group)
including time points 6 to 10, “pre-treatment-2" (indomethacin or saline for control group)
including time points 11 to 15, and “radio-contrast” (iodixanol or iothalamate) including
time point 16 and beyond. Then the statistical significance of the R2* differences between
one time period and baseline was assessed using the two-tailed paired Student's t-test.

To fully take advantage of the multiple measurements, a mixed effects regression model was
used to assess BOLD R2* changes over time within each group and between-group
difference. Given this design and data structure, we used a model which included all the 35
continuous time points (at 3 minutes intervals), /.e. time measured as 0, 3, 6, 9, ...., 102 min,
and a first order auto-regressive variance-covariance structure was specified. Fixed effects
included groups (5-levels), time (continuous), and an interaction of group by time, and
random effects included each individual rat. Akaike Information Criterion (AIC, smaller is
better) was used to determine the appropriate variance-covariance structure. Normality
assumption by group by time point was assessed via Shapiro-Wilke's test and regarded
fulfilled. The Bonferroni adjustment was used for multiple comparisons. Statistical analyses

J Magn Reson Imaging. Author manuscript; available in PMC 2013 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

RESULTS

Page 4

were carried out by SAS 9.2 (SAS, Cary, NC), and a p<0.05 was regarded statistically
significant.

Figure 2 is a plot describing the temporal changes in average R2* obtained from all rats in
Group 1. On the top of the time curve are R2* maps from a representative animal. Note the
progressive increase in the level of hypoxia in the renal medulla following administration of
each additional chemical agent. The medullary R2* (MR2*) increases steadily after each
chemical. The cortical R2* (CR2*) did not show much of a change over time.

Figures 3 and 4 summarize the data from all animals. Figure 3 illustrates the difference
between the effects of iodixanol and iothalamate on renal medullary R2*, while Figure 4
summarizes the dose response with iodixanol in both medulla and cortex. In the pre-
treatment groups, both radio-contrasts induced significant R2* response in renal medulla
compared to baseline. However, the magnitude of the change was higher with iodixanol
compared to iothalamate (303% vs 225.6%, <0.01). In the control groups, only iodixanol
induced significant MR2* increase in renal medulla (191.6% vs. -1.8%, p <0.01). There was
no significant change in the cortex with either agent in the control groups (data not shown).
In the dose dependence study, there was no significant difference in baseline R2*
measurements between low and high dose groups (Figure 4). Both MR2* and CR2* showed
a dose dependent response with iodixanol. L-NAME, indomethacin and iodixanol each
induced a significant increase in MR2* compared to their own baseline in both groups.
However, the magnitude of the increase in MR2* after iodixanol in the high dose group was
about twice compared to the low dose group (303% vs 133%, p<0.01) against their own
baseline. Low dose iodixanol did not change CR2*, whereas, high dose iodixanol increased
CR2* significantly from baseline.

The comparison of the change over time between groups based on the mixed effects
regression model is shown in Table 3. In the pre-treatment group, both cortex and medulla
showed a dose related increase in slope, that is, MR2* and CR2* increased faster (related to
rapid decreasing of renal oxygenation) with high dose iodixanol (Group 2 vs. Group 1).
When comparing iodixanol vs. iothalamate, there were significant difference in the slopes
both in MR2* and CR2* and both in pre-treatment and control groups (Group 2 vs. Group 3
and Group 4 vs. Group 5). When comparing pre-treatment vs. control groups, there were
significant differences in the slopes in the medulla (but not cortex) with both agents (Group
2 vs. Group 4 and Group 3 vs. Group 5).

DISCUSSION

To our knowledge, this is the first study, which compared the 15t generation (iothalamate)
directly with the 3" generation radio-contrast (iodixanol) on intra-renal oxygenation in a
model of CIN. Our results with iothalamate are in good agreement with a previous report
using BOLD MRI at 1.5T using the same animal model (16). There were four main findings
in this study.

1. When pretreated with L-NAME and indomethacin, there was a significant increase
in MR2* after either contrast agent (Figure 3). However, the magnitude of change
was higher with iodixanol compared to iothalamate (for the same dose of iodine). It
is not yet clear whether this may influence the final outcome in terms of developing
kidney injury and CIN. MR2* increased faster over time with iodixanol compared
to iothalamate (Table 3).
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2. Inthe pretreated rats, iodixanol showed a dose response in both cortex and medulla.
CR2* and MR2* values were significantly higher (Figure 4) and increased faster
over time (Table 3) at the higher dose (1600 vs. 784 mgl/kg).

3. Inthe control groups, only iodixanol resulted in a significant increase in MR2*
(Figure 3). This suggests that the direct effect of viscosity on renal hemodynamics
may be a significant determinant of renal medullary hypoxia and is consistent with
previous reports (8,17-18).

4. When comparing pre-treatment vs. control groups (Table 3), there was a significant
difference in the slope in the medulla with both agents. This suggests that the
deleterious effects may be worse in subjects at risk.

Pre-existing conditions, such as defective vasodilation due to insufficient nitric oxide or
prostaglandin play a role in the aggravation of intra-renal hypoxia as shown in this study and
previous ones (12,16). Since hypoxia is now well accepted to play a key role in the
pathogenesis of CIN (19), our results suggest that iodixanol, the 3" generation radio
contrast, may lead to more deleterious effects irrespective of the pre-existing conditions.

CIN is defined as an acute impairment of renal function manifested by an absolute increase
in serum creatinine of at least 0.5 mg/dl or by relative increase by at least 25% from the
baseline levels (4,20). For a number of reasons, creatinine is a poor marker of true injury to
the kidney. Peak creatinine typically occurs 3-5 days after contrast administration and
returns to baseline (or a new baseline) within 1-3 weeks (11). The renal failure is
nonoliguric for the vast majority of patients. In almost all cases, the decline in renal function
is mild and transient. The use of serum creatinine for CIN and in general for acute kidney
injury (AKI) is being questioned and alternate and potentially early biomarkers are being
sought (21). Creatinine is an unreliable indicator during acute changes in kidney function
(22). First, the use of serum creatinine to estimate true renal function is now well-recognized
to involve inaccuracies and limitations (23). A marked reduction in glomerular filtration rate
(GFR, up to 50% of kidney function) may take place before creatinine levels rise. Second,
creatinine does not reflect kidney function during acute changes until a steady state has been
reached, which can take several days. Moreover, creatinine is a poor biomarker for AKI due
principally to its inability to help diagnose early acute renal failure and complete inability to
help differentiate among its various causes. The natural delay in rise of serum creatinine
makes it difficult to establish causality especially because it has been reported similar level
of changes could be observed in the subjects at risk even without receiving any contrast
(11). So, there is an acute need for alternate markers for CIN.

Previous studies evaluating hemodynamic consequences of contrast administration primarily
studied renal blood flow or vascular resistance. However, the contributions of blood flow to
the development of CIN remain unclear (10). Since availability of oxygen ultimately
determines tissue viability, direct evaluation of oxygenation status is desirable. This is more
true for the kidney where renal blood flow varies significantly between cortex and medulla.
While renal function (GFR) is related to renal blood flow, changes in total renal blood flow
may not be associated with changes in renal oxygenation, particularly in the medulla (24).
For example, administration of furosemide results in a decrease in medullary blood flow
(oxygen delivery) but a greater inhibition of sodium reabsorption along the medullary thick
ascending limbs (decreasing oxygen demand) resulting in an increase in medullary
oxygenation (25). Furthermore, reduction in GFR effectively reduces the amount of sodium
to be reabsorbed and hence reduces medullary oxygen consumption. It has been previously
suggested that the reduction in GFR may actually be a protective mechanism (26). This may
serve as yet another motivation to consider alternate markers for acute renal failure,
including CIN. Recent reports suggest a role for neutrophil gelatinase-associated lipocalin
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(nGAL) (27), which has been shown to demonstrate changes as early as two hours post-
contrast in humans (28).

One limitation of the study is the lack of direct evidence of CIN, even though we had
utilized a model that was previously validated (12). This was mostly due to the logistics.
Since serum creatinine measurements have to be made at least 24 hours post-contrast
administration, we were not able to obtain them due to the use of inactin for anesthesia
which is not suitable for survival studies. With the availability of alternate injury markers
such as nGAL, it is possible that future studies could include them along with BOLD MRI.

In conclusion, our data support that the BOLD MRI technique in concert with the CIN
model can provide a useful platform to test different radio-contrast agents and interventions
to mitigate them. Our results suggest that viscosity of the contrast agent may play an equal
or greater role compared to osmolality in determining the intra-renal hemodynamics.
Whether that has any direct impact on the overall outcome, /.e. development of CIN is not
yet clear. Future studies should include other biomarkers to document CIN.
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15 min 15 min 15 min 60 min
Baseline |1 pre treatment | 2"9 pre treatment Radio-contrast
BOLD MRI
every 3 min

Figure 1.
Experimental timing diagram. The vertical lines represent the timing of administration of
pretreatment and radio-contrast. Scanning was done every 3 minutes for entire study.
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Figure2.

Averaged (mean = SE) renal BOLD R2* time course from six rats in Group 1 (low dose of
iodixanol group) in renal medulla and cortex following the administration of L-NAME,
indomethacin, and radio-contrast iodixanol. The vertical lines indicate the time of
administration of each of chemicals. Note pre: baseline; Iname: L-NAME; indo:
indomethacin. Error bars represent standard error among rats. On the top are R2* maps
generated using custom Matlab (Mathworks, Natick, MA) code in one representative rat.
The relative brightness in renal medulla suggests low oxygenation level compared to cortex.
The window settings were the same in all maps. The brightness in renal medulla increases
gradually after each chemical suggesting the progressively decreasing of oxygenation. The
R2* maps are from baseline, following administration of L-NAME, indomethacin, and
iodixanol. The arrows show the renal medulla and cortex where the ROIs were placed. The
renal medulla is relatively brighter than renal cortex in baseline R2* map, suggest lower
oxygenation level there. Each chemical contributes to the additional increased brightness in
R2* maps in the renal medulla, suggesting progressive hypoxia in the renal medulla.
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With pre-treatment Control

Figure 3.

Comparison of MR2* response to iodixanol and iothalamate with and without pre-treatment
based on two tailed Student's t-test. Data shown as mean = SE. With treatment, Treat-1 is L-
NAME; Treat-2 is indomethacin. RC is radio-contrast, either iodixanol or iothalamate (1600
mg I/kg). In the control groups, both Treat-1 and Treat-2 were saline. * stands for p<0.05 by
Student's t-test compared to baseline; # stands for p<0.05 by Student's t-test compared to the
previous phase. Number of rats in each group are shown in parenthesis.
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Figure4.

Summary of dose dependence of BOLD R2* response in renal medulla and cortex based on
two tailed Student's t-test. Data shown as mean = SE. The unit for “dose 784" and “dose
1600 is mg iodine per kilogram body weight. Indo stands for indomethacin. There was no
significant difference in baseline values between low and high dose groups. * indicates a
significant difference (p<0.05) compared to own baseline; # stands for p<0.05 by Student's

t-test compare to the previous phase.
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Table 2
Properties of Radio-contrasts in this Study
Systemic name lodixanol  lothalamate meglumine (USP 60%)
Brand name visipaque conray
lonicity nonionic ionic
osmolality isosmolar 1000 mOsmol/L
iodine concentration 320 mg/ml 282 mg/ml
Viscosity at 37°C 11.8 4.0

Note: based on data from GE Healthcare and Mallinckrodt
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