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ABSTRACT Background: Information on differential renal function following abdominal chemoradiation is limited. This study evaluated
the association between renal function as measured by biochemical endpoints and scintigraphy and dose volume parameters
in patients with gastrointestinal malignancies.

Materials and methods: Patients who received abdominal chemoradiation between 2002 and 2009 were identified for this
study. Technetium™” MAG-3 scintigraphy and laboratory data were obtained prior to and after chemoradiation in 6 month
intervals. Factors assessed included age, gender, hypertension, diabetes, and dose volume parameters. Renal function was as-
sessed by biochemical endpoints and renal scintigraphy.

Results: Significant reductions in relative renal function of the primarily irradiated kidney and creatinine clearance were
seen. Split renal function decreased from 49.75% pre-radiation to 47.74% and 41.28% at 6-12 months and >12 months post-
radiation (P=0.0184). Creatinine clearance declined from 90.67ml/min pre-radiation to 82.23ml/min and 74.54ml/min at
6-12 months and >12 months post-radiation (P<0.0001). Univariate analysis of patients who had at least one post-radiation
renogram showed the percent volumes of the primarily irradiated kidney receiving > 25 Gy (V,;) and 40 Gy (V,,) were signifi-
cantly associated with >5% decrease in relative renal function (P=0.0387 and P=0.0438 respectively).

Conclusion: Decline in split renal function using Technetium”* MAG-3 scintigraphy correlates with decrease in creatinine
clearance and radiation dose-volume parameters following abdominal chemoradiation. Change in split perfusion can be
detected as early as 6 months post-radiation. Scintigraphy may provide early determination and quantification of subclinical
renal injury prior to clinical evidence of nephropathy.
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dominal radiation treatment fields. Progressive renal dysfunc-
tion following abdominal radiation has been reported (1-13).
Emami et al described the probability of developing normal
tissue complications and suggested organ tolerance limits
based on volume of organ irradiated to various doses (14).
For kidney, the tolerance limits for 5% probability of compli-
cations at S years (TD S/S) are 23 Gy for whole organ, 30 Gy
for 2/3 volume, and 50 Gy to 1/3 volume. The Emami toler-
ances do not specifically address the relative contribution of
each kidney to overall renal function.

Split renal function is commonly assessed prior to abdomi-
nal radiation. Split renal function can be measured using renal
scintigraphy with each kidney’s relative function expressed as
a percentage of total function. Assessment of the relative con-
tribution of each kidney to overall renal function by renogram
may guide radiation treatment planning and design of shield-
ing for renal sparing.

This study evaluated renal function prior to and following
abdominal radiation with concurrent chemotherapy in the
treatment of gastrointestinal malignancies. The association
between split function on Technetium™" MAG-3 renal scin-
tigraphy, change in creatinine clearance, and radiation dose
volume parameters was analyzed.

Methods and materials
Patient selection

Patients with gastrointestinal malignancies treated with ab-
dominal chemoradiation between 2002 and 2009 were iden-
tified. Patients were included in this analysis if they received
concurrent chemotherapy and three-dimensional conformal
abdominal radiation, had at least one kidney included in the
radiation treatment fields, had pre-radiation renal scintigraphy
performed, received at least 20 Gy, and had laboratory data
and dosimetric parameters available for review.

Chemoradiation

All patients underwent CT simulation. Three-dimensional
conformal radiation treatment planning was performed using
Theraplan Plus treatment planning system (MDS Nordion,
Ottawa, Ontario, Canada) and Eclipse Treatment Planning
System (Varian Medical Services, Palo Alto, CA, USA). Ab-
dominal radiation was delivered on linear accelerators using
6-23 MV photons. Dose and field arrangements varied by
primary site. Targets and organs at risk were contoured. Treat-
ment plans were designed to encompass the primary target
and areas at risk with margin. Planning dose constraints for
organs at risk were: heart 1/3 volume not to exceed 60 Gy
and 2/3 volume not to exceed 45 Gyj; liver 1/3 volume not to

exceed 50 Gy and 2/3 volume not to exceed 35 Gy; and kid-
neys (combined) 1/3 volume not to exceed S0 Gy and 2/3
volume not to exceed 30 Gy.

The kidney that received the greater mean kidney dose was
defined as the primarily irradiated kidney. The kidney that
received the lesser mean kidney dose was defined as the non-
primarily irradiated kidney.

All patients received concurrent chemotherapy. Few pa-
tients received chemotherapy prior to radiation and most
patients received further chemotherapy following radiation.

Renal scintigraphy

All patients received intravenous hydration prior to intra-
venous injection of 6 mCi of Technetium”™ MAG-3. Renal
scintigraphy was performed with the patient in the supine po-
sition and images were obtained in the posterior projection.
Sequential flow images were obtained for quantitative analysis
of the renogram, initially taken as 1 second per frame for the
first minute and then as 30 seconds per frame for the next 30
minutes. The posterior images were obtained using a 64 x 64
matrix on a large field of view gamma camera with low energy
collimators. Split uptake of left to right relative function was
measured over the initial 2-3 minute interval post injection
and was determined using the time-activity curve generated
after the acquisition was completed.

Endpoints

Endpoints analyzed included relative renal function on re-
nal scintigraphy, biochemical endpoints, and dose volume
parameters. Change in split renal function was evaluated by
comparison of the relative contribution of each kidney on re-
nogram. Biochemical endpoints used to assess change in renal
function included serum creatinine and creatinine clearance.
Creatinine clearance was calculated using the Cockcroft-
Gault formula: {{(140-age) x (weight in kilograms)} / (72 x
serum creatinine)} (15). This value was adjusted for female
gender by multiplying the creatinine clearance x 0.85. Renal
scintigraphy, laboratory data, and biochemical endpoints were
determined prior to and after radiation in 6 month intervals.

Statistical analysis

Statistical analyses for categorical variables were performed
using Fisher’s exact test while continuous variables were
analyzed using the Wilcoxon non-parametric test with exact
p-values obtained using Monte-Carlo estimates. Change in
outcome variables over time were assessed using a repeated
measures model. To account for missing data, a pattern mix-
ture model was used. Values for continuous variables are given
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as mean (standard deviation) while values for categorical data
are specified as number (percentage). Statistical analysis was
performed using SAS Statistical analysis software version 9.1.3
(SAS Institute Inc, Cary, NC, USA). A nominal significance
level of 0.05 was used.

Results
Patient and treatment characteristics

One hundred thirty six patients were identified who received
abdominal radiation with concurrent chemotherapy, had
renal scintigraphy performed prior to radiation, received at
least 20 Gy, and had dose volume parameters and mean kid-
ney doses available for analysis. Median patient age was 64
years. The majority of primary disease sites were pancreas and
periampullary (75.7%). Median follow up was 9.6 months.
Patient characteristics are provided in Table 1.

Median radiation dose delivered to target was 50.4 Gy
(range 21.6-55.8 Gy). Mean kidney dose of the primarily ir-
radiated kidney was 19.07 Gy. Additional radiation dose vol-
ume parameters are presented in Table 2.

All 136 patients included in this study received concurrent
chemotherapy. Twenty two patients (16.2%) received che-
motherapy prior to radiation; 108 patients (79.4%) received
additional chemotherapy 0-6 months following RT; 22 pa-
tients (16.2%) received chemotherapy 6-12 months follow-
ing radiation; and 4 (2.9%) patients received further chemo-
therapy 12-18 months following radiation. Fourteen patients
(10.3%) received cisplatin containing regimens at any time
point evaluated in this study. One hundred and twenty two
patients (89.7%) did not receive any cisplatin as a part of their
chemotherapeutic regimens. Specific chemotherapy regimens
used pre-radiation, concurrently, and post-radiation varied
given the different primary sites included in this analysis. The
vast majority of patients received S-fluorouracil, capecitabine,
and/or gemcitabine based regimens. Chemotherapy charac-
teristics are summarized in Table 2.

Change in renal scintigraphy and renal function over time

Progressive change in renal function was assessed by split re-
nal function on scintigraphy, creatinine, and creatinine clear-
ance from baseline prior to radiation and then in 6 month in-
tervals following radiation. Patients with mean kidney doses,
laboratory data, and split renal function data per scintigraphy
at each time point were included in this analysis. Results are
presented in Table 3.

Split renal function of the primarily irradiated kid-
ney decreased from 49.75% pre-radiation, to 47.74% and
41.28% at 6-12 months and >12 months following radiation

Table 1 Patient characteristics

Patient characteristics (n=136)

Age

Median 64 years

Range 36-87 years
Gender

Male 71 (52.1)

Female 65(47.8)
Primary sites

Pancreas 82 (60.3)

Periampullary 21(15.4)

Gastric 19 (14)

GE Junction 13 (9.6)

Retroperitoneum 1(0.7)
Hypertension 69 (50.7)
Diabetes 34 (25)
Current smoking 19 (14)
Renal insufficiency 6(44)
Follow up

Median 9.6 months

Range 0-69.9 months

Values are given as number (percentage).

(P=0.0184). The ratio of split renal function of the primar-
ily irradiated kidney to the non-primarily irradiated kidney
declined over time from baseline equal split function ratio of
1.01 prior to radiation. Creatinine increased from a mean value
0f 0.87 mg/dL pre-radiation, to 0.94 mg/dL and 1.0S mg/dL at
6-12 months and >12 months following radiation (P<0.0001).
Creatinine clearance decreased from 90.67ml/min pre-
radiation, to 82.23 ml/min and 74.54 ml/min at 6-12 months
and >12 months following radiation (P<0.0001). No patients
developed malignant hypertension or other signs of clinical
nephropathy. Change in split renal function of the primarily ir-
radiated kidney and creatinine clearance over time is shown in
Figure 1.

Univariate analysis of patient and treatment factors related to
change in split renal function on renal scintigraphy

Twenty two patients were identified who had <5% increase,
no change, or decrease split function on renogram obtained
6-12 months following radiation and had complete dose
volume parameters available for review. Of these, 18 of the
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Table 2 Treatment characteristics

Radiation treatment factors

PK
Vi 58.81 (23.34)
Vis 51.93 (23.24)
Vi 44.81 (23.22)
Vs 34.67 (20.73)
v, 24.64 (19.07)
' 18.87 (16.97)
V., 15.28 (15.57)
Mean Kidney Dose 19.07 (6.98)
Chemotherapy treatment factors
Prior to
radiation
Any Chemotherapy 22 (16.2)
Cisplatin Regimens 2(1.5)

Non-PK
22.01 (18.74)
14.72 (13.84)
11.33 (12.22)

7.86 (9.21)
4.46 (5.90)
2.80 (4.41)

1.93 (3.36)
7.38 (4.32)

Concurrent

chemoradiation

136 (100)

7(5.1)

Bilateral kidneys

39.58 (15.94)
33.12 (14.23)
27.96 (14.16)
21.13 (12.91)
14.40 (10.92)
10.85 (10.02)

8.44 (9.02)
13.23 (4.30)

Following

radiation

0-6 months 108 (79.4)
6-12 months 22 (16.2)
12-18 months 4 (2.9)
0-6 months
6-12months 2 (1.5)

3 (22)

Values for dose volume parameters (mean V,) represent percent of the kidney volume receiving at least n dose in Gy and are given as

percent (standard deviation).

Values for mean kidney dose are given as dose in Gy (standard deviation).

Values for chemotherapy characteristics are given as number (percentage).
Abbreviations: PK = the primarily irradiated kidney; non-PK = the non-primarily irradiated kidney; V, = percent volume of the
kidney(s) receiving at least n dose in Gy.

Table 3 Change in renal scintigraphy and renal function over time

Pre-RT (n=136) 6 -12 months Post-RT (n=25)  >12 months Post-RT (n=8)  Pvalue
Mean RS of PK (%) 49.75 (5.30) 47.74 (6.48) 41.28 (7.38) 0.0184
RS ratio (PK/non PK) 1.01 (0.22) 0.94 (0.25) 0.73 (0.23) 0.0606
Cr (mg/dl) 0.87 (0.26) 0.94 (0.23) 1.05 (0.09) *<0.0001
CrCl (ml/min) 90.67 (33.43) 82.23 (30.97) 74.54 (23.00) *<0.0001

Values are given as mean (standard deviation).

Values for renal scintigraphy represent the relative contribution of the kidney to overall renal function.

* P values obtained using log-transformed values.

Abbreviations: Pre-RT = pre-radiation; Post-RT = post-radiation; RS = split function on renal scintigraphy; PK = primarily irradiated

kidney; non PK = non-primarily irradiated kidney; Cr = creatinine; CrCl = creatinine clearance.

patients (82%) had change in the relative renal function of the
primarily irradiated kidney of <5% and 4 patients (18%) had
decreases of >5%. No patient related factors were found to be
associated with decrease in split renal function of the primarily
irradiated kidney. Percent volumes of the primarily irradiated
kidney receiving >25 Gy (V,;) and 40 Gy (V,,) were associated
with decrease of >5% relative renal function (P=0.0387 and
P=0.0438 respectively). Difference in mean kidney dose of the
primarily irradiated kidney between patients with <5% change
in split renal function and those with >5% decrease trended
towards significance (P=0.0793 ) (Table 4).

Discussion

Split renal function of the primarily irradiated kidney and
creatinine clearance were found to significantly decrease
over time following abdominal chemoradiation. Progressive
decline in relative renal function and biochemical endpoints
were seen as early as 6 months following completion of radia-
tion. V,; and V,, were shown to correlate with >S5 % decrease
in relative renal function of the primary irradiated kidney at
6-12 months post-radiation.

The literature available on progressive change in renal func-
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Table 4 Univariate analysis of patient and treatment factors related to change in split renal function on renal scintigraphy

RS change < 5% (n=18)

RS decrease > 5% (n=4)  Pvalue

Patient factors
Age <65
> 65
Gender M
F
HTN Y
N
DM Y
N
Pre-RT CrCl
Treatment factors
V10
V1S
V20
V2s
V30
V35
V40
MKD

12 (66.67)
6(33.33)
6(33.33)

12 (66.67)

11 (61.11)

7 (38.89)
3(16.67)

15 (83.33)
103.40 (37.10)

61.09 (20.45)
55.03 (21.76)
45.99 (18.66)
29.72 (13.39)
20.33 (15.14)
15.39 (14.63)
12.51 (13.11)
18.36 (4.40)

4 (100.00)
0(0.00)
1(25.00)
3(75.00)

2 (50.00)

2 (50.00)

1 (25.00)
3(75.00)

109.15 (28.64)

68.08 (14.45)
61.10 (14.60)
54.05 (17.47)
48.78 (14.85)
32.18 (7.45)
25.48 (9.25)
23.33(9.86)
22.83 (3.03)

0.5407

1.0000

1.0000

1.0000

0.5913

0.4833
0.3822
0.3004
0.0387
0.1377
0.0827
0.0438
0.0793

Values for categorical data are given as number (percentage).

Values for continuous variables are given as mean (standard deviation).

Values for dose volume parameters (mean V,) represent percent of primarily irradiated kidney volume receiving at least n dose in Gy

and are given as percent (standard deviation).

Values for mean kidney dose are given as dose in Gy (standard deviation).

Units: Age years; Pre-RT CrCl ml/min; MKD Gy.
Abbreviations: RS = split function on renal scintigraphy; HTN = hypertension; DM = diabetes mellitus; M = male; F = female; Y = yes;

N = noj; pre-RT CrCl = pre-radiation creatinine clearance; V, = percent volume of the primarily irradiated kidney receiving n dose in
Gy; MKD = mean kidney dose in Gy.
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Figure 1 Decline in mean split function
of the primarily irradiated kidney on
renal scintigraphy and creatinine clear-
ance over time following abdominal
chemoradiation. The vertical bars rep-
resent the standard error of the mean.
Abbreviations: PK = primarily irradiated
kidney; Pre-RT = pre-radiation; Post-RT
= post-radiation.
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Figure 2 Representative three-dimensional conformal radiation treatment plan for a patient with locally advanced pancreatic

cancer showing the anterior radiation treatment field (A) and isodose distributions (B). The right kidney (in orange) is in close
proximity to the pancreatic gross tumor volume (in red). The cranial third of the right kidney is included within the radiation
treatment field (orange arrows). The blue line in figure 2B represents the 80% isodose line (43.2 Gy). Comparison of static renal
scintigraphy before (C) and 12 months after (D) chemoradiation shows a new activity defect (black arrows) in the cranial third
of the right kidney consistent with the volume of kidney included within the radiation field. Pre (E) and post (F) treatment time-
activity curves demonstrate a clear reduction of right kidney activity.

tion following abdominal chemoradiotherapy in the treat-
ment of gastrointestinal malignancies is limited. Renal effects
of radiation are dose and volume dependent (4). Renal toler-
ances per Emami et al predict the likelihood of normal tissue
complications based on volume of tissue irradiated to specific
doses (14). Current dose tolerance limits do not specifically
consider the relative function of each kidney and its contribu-
tion to global renal function (14, 16).

Pathophysiologic mechanisms for radiation induced renal
injury include glomerular and tubular damage and disruption
of renal microvasculature (4, 7, 10). Subclinical evidence of
renal injury can be observed within 6-12 months following
radiation (1-3 12, 13). A longer latency period is needed for
development of symptomatic nephropathy (2, 4, 7, 10). Re-
nal toxicity can be detected by functional and biochemical
endpoints in advance of presentation of clinical symptoms (S,

6,8,9,11-13).

Biochemical endpoints such as serum creatinine and cre-
atinine clearance are reflective of global renal function. Serum
creatinine is the most commonly used biochemical measure
of renal function in clinical practice; however significant
decline in glomerular filtration rate can occur prior to rise
in creatinine (17, 18). Creatinine clearance is an estimate of
glomerular filtration rate and a more sensitive measurement
of renal function than creatinine (19). Creatinine clearance
is measured by 24 hour urine collection. An estimated cre-
atinine clearance can be calculated by various formulas in-
cluding the Cockcroft-Gault equation (15). While estimated
creatinine clearance is not fully concordant with measured
creatinine clearance, such formulas are frequently used in
clinical practice as the clinical and laboratory data points
needed for calculation are readily available on most patients
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(20,21).

Nuclear renography can provide additional clinically rel-
evant information on renal function and can be used to deter-
mine glomerular filtration rate and differential renal function
(18, 22, 23). Renal clearance by scintigraphy is an accurate
estimate of glomerular filtration rate and correlates well with
creatinine clearance measured by 24 hour urine collection
(24,25).

Assessment of each kidney’s relative contribution to
global renal function can be done by both scintigraphy and
biochemical endpoints. Techniques for measurement of uni-
lateral creatinine clearance are available but are invasive and
not practical for routine use. Correlation between split renal
function as determined by renogram and lateralized creati-
nine clearance has been shown (26). Renal scintigraphy can
provide accurate quantitative determination of relative renal
function less invasively (22, 23, 27). The normal range for
symmetric split function of each kidney is between 45-55%
and changes of >5% are considered significant (28-30).

Renal scintigraphy can detect post radiotherapy renal dam-
age prior to creatinine elevation (17, 31-33). LeBourgeois
and colleagues reported their findings on the renal effects of
splenic irradiation in lymphoma patients using 197Hg neohy-
drin scintigrams (33). Reduced uptake of radioisotope in the
irradiated kidney was detected by the eighth month following
radiation, with stabilization after the twentieth month, but
not recovery.

Radiation induced injury to the kidney was prospectively
studied by Dewit et al using scintigraphic and biochemical
endpoints (6). Significant progressive renal toxicity was seen
following abdominal radiation. In patients who received the
highest doses to the entire left kidney, renal function assessed
by scintigraphy decreased by 60-70% after 3-5S years whereas
creatinine clearance decreased by 20%. In patients in who
part of the kidney was shielded, relative renal function de-
creased by 20-25% at S years.

In a prospective analysis of relative renal function and late
toxicity in patients with gastric cancer who received postop-
erative chemoradiation, dose volume parameters for the left
kidney were predictive of worse subsequent decline in split
renal function (11). Jansen et al observed a progressive de-
cline in left renal function with 11% decrease at 6 months and
52% decline at 18 months post-radiation.

In patients with non primary gastrointestinal malignancies
treated with chemoradiation, Kost and colleagues prospec-
tively investigated the dose effect on renal damage using func-
tional and biochemical endpoints (9). Decline in renal func-
tion on static scintigraphy was seen in 23% of patients. The
extent of scintigraphic change was related to dose and volume
irradiated and changes were observed even at relatively low
doses (<10Gy). Decline of the relative contribution of the ir-

radiated kidney to overall renal function was detected at one
year post-radiation and progressively decreased to 35-40% at
3 years. The influence of chemotherapy on renal toxicity was
not specifically analyzed given small patient numbers and the
variety of chemotherapeutic regimens included.

Use of nephrotoxic chemotherapeutic agents such as cispl-
atin with abdominal radiation has been shown to reduce renal
tolerance and potentiate renal toxicity (34-37). All patients
in our study received concurrent chemotherapy and most
received additional systemic therapy following radiation. As
only 10% patients received cisplatin containing regimens, we
did not analyze the use of cisplatin as a predictor for subse-
quent renal dysfunction. Nor did we analyze the influence of
other chemotherapeutic agents specifically given the variabil-
ity of regimens used.

We further evaluated patients who had at least one reno-
gram obtained 6-12 months post-radiation, biochemical data,
and dose volume parameters available for factors associated
with subsequent decline in split renal function of the primar-
ily irradiated kidney. Of patients identified, three patients
demonstrated increases greater than 5% in relative renal func-
tion of the primarily irradiated kidney from baseline reno-
gram. This observation is unexpected following radiation and
the explanation for increase in split renal function is likely
multifactorial. These patients were not included in the subse-
quent analysis.

In patients with < 5% increase, stable, or decreased split
renal function following radiation, no patient related factors
were found to be associated with decrease in relative renal
function of the primarily irradiated kidney. Treatment related
factors significantly associated with decrease of >5% rela-
tive renal function on univariate analysis included V,; and
V,o- The mean kidney dose of the primarily irradiated kidney
trended toward significance. Although our study was not able
to identify other factors associated with decrease in relative
renal function following abdominal radiation, it is likely that
additional dose volume parameters are involved as they are
interrelated. The limited sample size of patients with post-
radiation renograms available for analysis likely precluded our
ability to detect these differences.

Our study is consistent with others in showing progres-
sive decline in renal function as measured by functional
scintigraphic imaging and biochemical endpoints (6, 9, 11).
In contrast to Kost et al who noted decline after one year, we
observed decreases in relative renal function and biochemical
endpoints as early as 6 months post-radiation.

We observed significant decline in both relative renal func-
tion of the primarily irradiated kidney detected on scintigra-
phy and global renal function as measured by creatinine clear-
ance following abdominal chemoradiation. Post- radiation
renography in combination with biochemical measures may
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allow for early identification and assessment of patients at
greater risk for developing clinical manifestations of radiation
nephropathy. As radiation induced renal injury is progressive,
it is likely that the functional impairments observed in this
study will increase over time. With longer follow up, further
correlation between changes detected on renal scintigraphy,
biochemical endpoints, and radiation dose volume param-
eters may be observed.

Conclusions

Decline in split renal function using Technetium™” MAG-3
scintigraphy correlates with decrease in creatinine clearance
and radiation dose-volume parameters following abdominal
chemoradiation. Change in split perfusion can be detected as
early as 6 months post-radiation. This observation suggests
post-radiation scintigraphy may allow for early determination
and quantification of subclinical renal injury prior to develop-
ment of clinical nephropathy.
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