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The roles of protein load test in quantitatively evaluating renal
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Background: The accuracy of dynamic renal scintigraphy in evaluating the function of hydronephrotic
kidneys is controversial. This study sought to investigate the effects of ureteral obstruction on renal function
and the role of the protein load test (PLT) in evaluating hydronephrotic kidneys’ function.

Methods: A ureteral obstruction model was generated with New Zealand white rabbits. The baseline
glomerular filtration rate (GFR) and the GFR during the PLT were measured by dynamic renal scintigraphy
at weeks 6, 9, and 12 after obstruction and the renal reserve GFRs were calculated. The renal GFR
differences between different time points and between the PLT and baseline status were compared.
Results: (I) Both the baseline GFRs (t=11.287, P=0.000) and the GFRs during the PLTs (t=16.235,
P=0.000) of the hydronephrotic kidneys were significantly lower than those of the contralateral kidneys.
(I) The baseline GFRs of the obstructed kidneys were not significantly different 6, 9, and 12 weeks after
obstruction (F=0.122, P=0.887), but their net reserve GFRs (F=8.419, P=0.004) and relative reserve GFRs
(F=3.770, P=0.049) gradually decreased over time. (IIT) There was no significant correlation between the net
reserve GFRs (r=—0.006, P=0.977) or the relative reserve functions (r=—0.022, P=0.920) of the obstructed
kidneys and their baseline GFRs. However, there was a significant negative correlation between the net
reserve GFRs (r=—0.590, P=0.002) or the relative reserve functions (r=—0.546, P=0.006) of the obstructed
kidneys and the duration of obstruction. (IV) The reserve GFRs of the obstructed kidneys were not
proportional to their baseline GFRs.

Conclusions: The functional changes in hydronephrotic kidneys are not sensitively reflected by baseline
GFRs. GFRs during the PLTs and the reserve GFRs play important roles in the early and accurate evaluation
of the function of obstructed kidneys.
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Introduction

Ureteropelvic junction obstruction (UPJO) is a
common urological disease (1). UPJO not only leads to
hydronephrosis, which has a series of symptoms and signs,
such as back or abdominal pain, abdominal distension, and
difficult urination, but also affects renal function (2-5).
The biggest risk of UPJO is a renal failure (2-5). Before
treating ureteral obstruction, the degree of renal functional
impairment and obstruction usually needs to be considered.
Dynamic renal scintigraphy of nuclear medicine is a routine
method for measuring split renal functions and is widely
used in clinical practice. However, due to the interference
of increased intrarenal pressure, dynamic renal scintigraphy
is sometimes inaccurate in evaluating the true and biggest
function of hydronephrotic kidneys (5). In the baseline
status, dynamic renal scintigraphy can be applied to assess
present filtration or secretion ability, but not actual ability,
including the potential biggest function of filtration or
secretion (5). Urological surgeons need to accurately assess
renal function in patients with UPJO to make appropriate
treatment decisions (6,7).

Renal reserve function can be detected by a protein load
test (PLT), which is frequently used for the early diagnosis
of renal function impairment (8). In some diseases, such
as diabetes (9-11), hypertension (12,13), and chronic
nephritis (14), renal reserve functions are frequently
reduced or even lost before their baseline functions; thus,
the reserve function is a more sensitive parameter than
the baseline function. For these diseases, clinicians focus
on understanding how much renal function has decreased.
However, for UPJO, urologists not only want to know the
extent to which renal function has decreased but also the
remaining functions of the obstructed kidneys, especially
when considering whether or not to resect an obstructed
kidney. A PLT is conducive to detecting the remaining
functions of obstructed kidneys, but a PLT has not been
further applied to patients with UPJO in clinical practice.
We investigated the effect of partial UPJO on baseline
renal function and renal reserve function and evaluated the
relationship between obstructed kidneys’ reserve function
and baseline renal function. Some characteristics were
identified that differed from those of diabetic nephropathy,
hypertensive nephropathy, chronic nephritis, and other
diseases. Our findings are reported as follows.
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Methods
Animal models of UPFO

Eight New Zealand white rabbits were provided by
Wauhan University Center for Animal Experiment/ABSL-
IIT Laboratory. All the rabbits were healthy adult male
animals, aged over 8 weeks old, had normal renal function
and a bodyweight of 2.12-2.67 kg (with a mean of 2.45+
0.15 kg). The animal model of UPJO was generated using
the ureteral casing method (5,15); the obstruction was
unilateral and always at the upper section of the right ureter.
The study was approved by the Animal Care and Use
Committee of the Wuhan University Center for Animal
Experiment (AUP No. 2013110).

Dynamic renal scintigraphy

The scanning apparatus was a single-photon emission
computed tomography (SPECT) scanner equipped
with a low-energy high-resolution collimator (Model,
e.cam; Siemens product, Hoffman Estates, IL, USA).
The ”Mo-""Tc generator was provided by Atomic
High Technology Co., Ltd., Beijing, China. Diethylene
triamine pentaceticacid (D'TPA) was provided by Xinkesida
Pharmaceutical Technology Co., Ltd., Beijing, China. The
radiochemical purity of *"Te-DTPA was more than 95%.
The glomerular filtration rate (GFR) was measured by
dynamic renal scintigraphy at weeks 6, 9, and 12 of UPJO.
The syringes under the conditions of full or empty syringe
imaging were placed on a homogeneous thin board (the
y-ray attenuation rate of the board was 6%), which was
designed to immobilize the rabbits. Scanning parameters:
full or empty syringe imaging, matrix 256x256, acquisition
zoom 1.0 and acquisition time 60 sec; blood perfusion
phase, matrix 256x256, acquisition zoom 2.67, acquisition
time 3 sec/frame and a total of 20 frames; and renal
parenchyma phase, matrix 256x256, acquisition zoom 2.67,
acquisition time 10 sec/frame and a total of 30 frames.

Measuring baseline renal function

The rabbits fasted for more than 12 hours. The residual
foods were removed at 19:00 on the day before the
examination, but normal drinking water was available. At
this time, the function of the animal’s kidneys was at the
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baseline status. After injection with approximately 3 mCi
of ”™Te-DTPA, the acquisition procedure was immediately
initiated according to the above scanning parameters. For
further details on the preparation method used before
scanning and bolus injection, see (5).

PLT

The animals fasted overnight, and the residual foods were
removed at 19:00 on the day before the examination. Before
scanning, 75 g of compound protein foods, including 12.22 g
of crude protein and 1.17 g of amino acids (lysine, cystine,
and methionine), was naturally eaten by the animals as
required. The animals could freely drink water but could
no longer eat any other food. The duration of animal
feeding was 30 to 60 min. If the foods were not completely
eaten within 60 min, the animals’ feeding was interrupted
artificially. In the study, the protein load was approximately
5.4 g/kg (at least 2.7 g/kg) to ensure that a saturated amount
of protein was given to avoid the effect of insufficient
protein load on the GFR (16). At 10 min before scanning,
the animals were prepared for anesthesia.

”"Te-DTPA dynamic renal scintigraphy was performed
on animals (as described above) approximately 2.5 hours
after the animals began eating. For further details on
the preparation method used before scanning and bolus
injection, see (5). On the 1st day, the baseline GFR was
measured, and on the 2nd day (approximately 24 h later),
the GFR during the PL'T" was measured. Before the imaging
agent’s injection, the same acquisition parameters as those
mentioned above dynamic renal scintigraphy were used;
the animals were imaged for 1 min to calculate the kidneys’
remaining radioactivity. When calculating the GFR during
the PLT, a very small amount of residual radioactivity
already presented in the kidneys before scanning was
subtracted.

Calculating the GFR and renal reserve function

A composite image from 2-3 min was selected to outline
the region of interest (ROI). The renal ROI was delineated
along the edge of the functional kidney tissue; however,
the nonfunctional expanded renal pelvis (for which the
renal pelvis’s radioactivity was lower than the background
radioactivity under the kidney) was not delineated in the
renal ROI. A semilunar background ROI was outlined
around the lower, outer renal margins, about 2-3 pixels
from the renal ROIL. The GFR was calculated according
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to the Gates method (17) using the measured kidney
depth. In the measurement and calculation of the GFR,
various influencing factors (5,18-23) were considered, and
corresponding quality control was performed.

Net reserve function of kidney (mL/min) = GFR 0 prr

(mL/min) — GFRin the baseline status (mL/min) [1]
Relative reserve function of kidney (%) = {{GFR gyinq prr

(mL/min) — GFR;, e baseline status (mL/min)] /GFRG, the baseline status (mL/min)}
x100 (2]

The amplitude of GFR change (%) = (1 GFR,, -
GFR, |/GFR,,) x100 (3]

The right kidneys were obstructed, and the left kidneys
were healthy.

Statistical analysis

Data were analyzed with SPSS software (version 22.0; IBM
Corporation, Armonk, NY, USA). The data are presented
as the mean = standard deviation (SD). A paired #-test was
used in the GFR comparison between the PLT" and baseline
status and between the obstructed and healthy kidneys. An
analysis of variance of the repeated measurement data was
performed to compare the GFR and reserve function at
different time points of obstruction. The Pearson method
was used to analyze correlations between the renal reserve
function and the baseline GFR, and the renal reserve
function and obstruction duration. For the two-sided
tests, the significance level was a=0.05, and a P<0.05 was
considered statistically significant.

Results

Comparison of the GFRs in the obstructed kidneys between
the PLT and the baseline status

AS Table 1 shows, the GFR during the PLT was significantly
higher than the baseline GFR at week 6 of obstruction
(P=0.011); the difference was not significant at week 9
(P>0.05), but the GFR during the PLT was significantly
lower than the baseline GFR at week 12 (P=0.027). In
relation to weeks 6, 9, and 12, the GFR difference in the
obstructed kidneys in the baseline status was not statistically
significant (F=2.547, P=0.114), but the differences in the
PLT (F=5.515, P=0.044), net reserve function (F=10.605,
P=0.002) and relative reserve function (F=3.969, P=0.043)
were statistically significant. Notably, from the 6th to 12th
week of obstruction, the obstructive renal function did not
decline significantly with time in the baseline status, but
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Table 1 Comparison of the GFR between the PLT and the baseline status in the obstructed kidneys (means + SDs)

GFR of the right kidney Reserve function of the right kidney

Obstruction

time Baseline status PLT (mL/min) t P Minimum reserve Maximum reserve Net reserve Relative
(mL/min) (mL/min) (mL/min) (mL/min) reserve (%)

Week 6 8 26.37+14.67  34.89+13.03 -3.448 0.011 -0.70 18.01 8.51+6.98 61.86+82.79

Week 9 8 20.62+15.54  21.31+16.75 -0.654 0.534 -4.64 3.74 0.69+3.00 1.66+25.36

Week 12 8 20.41+18.33  17.79+18.16 2.800  0.027 -5.75 1.47 -2.62+2.65 -14.02+42.03

N, number of rabbits; GFR, glomerular filtration rate; PLT, protein load test; SD, standard deviation.

Table 2 Comparison in the amplitude of the GFR change between the PLT" and the baseline status in the obstructed kidneys (means = SDs)

Obstruction time N In the baseline status (%) In PLT (%) t P

Week 6 8 53.7+21.7 51.5+£15.0 0.551 0.599
Week 9 8 61.6+27.6 73.5+17.8 -3.045 0.019
Week 12 8 60.7+33.9 76.8+22.3 -3.652 0.008
Weeks 6-12 24 58.7+27.1 67.3£21.2 -3.085 0.005

In obstructed kidneys relative to healthy kidneys, GFR change amplitude (%) = (|GFR,g — GFR:l/GFRe) x100, the right kidneys were
obstructed, and the left kidneys were healthy. N, number of rabbits; GFR, glomerular filtration rate; PLT, protein load test; SD, standard
deviation.

Table 3 Comparison of the GFR in healthy kidneys between the PLT and the baseline status (means = SDs)

GFR of the left kidney Reserve function of the left kidney

Obstruction

time N Baseline status PLT t P Minimum reserve  Maximum Net reserve Relative
(mL/min) (mL/min) (mL/min) reserve (mL/min)  (mL/min) reserve (%)

Week 6 8 54.50+7.14 71.04+8.80 -7.222  0.000 10.07 28.98 16.54+6.48 31.14+14.99

Week 9 8 53.04+6.67 75.89+15.79 -6.287  0.000 6.61 36.37 22.85+10.28 42.15+15.84

Week 12 8 50.15+5.08 71.80+10.32 -9.122  0.000 11.97 30.92 21.66+6.72 42.90+12.26

N, number of rabbits; GFR, glomerular filtration rate; PLT, protein load test; SD, standard deviation.

the GFR during the PLT and the net and relative reserve
functions gradually decreased. Thus, the GFR in the PLT
and the reserve GFR appear to reveal progressive damage in
obstructed kidneys more sensitively than a baseline GFR.

Comparison in the amplitude of the GFR change in the
obstructed kidneys between the PLT and the baseline status

Table 2 summarizes the magnitude of the GFR reduction
in the obstructed kidneys relative to the healthy kidneys.
As Table 2 shows, the GFR change amplitude was different
from the GFR value (see Tuble I). At week 6, the GFR
reduction amplitude in the obstructed kidneys in the PLT
status was not higher than that in the baseline status. There
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was no significant difference in the magnitude of the GFR
decline between the PLT and the baseline status (P>0.05).
At the 9th and 12th weeks, the GFR reduction amplitude in
the obstructed kidneys in the PLT status was significantly
greater than that in the baseline status (P<0.05). When a
healthy kidney is used as a control, the change of the GFR
in an obstructed kidney in the PLT status more sensitively
reflects the impairment of renal function than that in the
baseline status.

Comparison of the GFRs of the bealthy kidneys between
the PLT and the baseline status

As Table 3 shows, the GFRs of healthy kidneys during the
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PLTs were significantly higher than those in the baseline
status at weeks 6, 9, and 12 of obstruction (P=0.000). In
relation to weeks 6, 9, and 12 of obstruction, the GFR
differences in the baseline status (F=3.576, P=0.095) and
during the PLT (F=1.490, P=0.298) were not statistically
significant, nor were the differences in net reserve function
(F=2.471, P=0.121) or relative reserve function (F=2.681,
P=0.103). Obviously, during the 12 weeks of obstruction,
the right ureteral obstruction did not significantly affect the
left kidneys’ baseline or reserve function.

Comparison of the total GFR between the PLT and the
baseline status

As Table S1 shows, the kidneys’ total GFRs during the PLIs
were significantly higher than those of the baseline status
at weeks 6, 9, and 12 of obstruction (P<0.05). In relation
to weeks 6, 9, and 12, the total GFR difference during the
PLT was statistically significant (F=4.79, P=0.026), but the
total GFR was not significant in the baseline status (F=2.969,
P=0.127); the difference in the relative reserve function of
total kidneys was statistically significant (F=7.988, P=0.005),
but the difference in the net reserve function was not
significant (F=0.895, P=0.431). Obviously, during weeks 6 to
12 of obstruction, the right ureteral obstruction significantly
affected the total GFR in the PLT and the relative reserve
function but not the total GFR in the baseline status or the
net reserve function.

Comparison of the GFRs between obstructed and healthy
kidneys

Concerning the baseline status, the GFRs of the
obstructed kidneys were significantly lower than those
of the healthy kidneys at the 6th (t=8.905, P=0.000), 9th
(t=6.049, P=0.001), and 12th (t=5.186, P=0.001) weeks
of obstruction. In relation to the PLTs, the GFRs of the
obstructed kidneys were significantly lower than those of
the healthy kidneys at the 6th (t=10.381, P=0.000), 9th
(t=10.681, P=0.000), and 12th (t=10.544, P=0.000) weeks
of obstruction (see Tables 1,3). The net reserve functions of
the obstructed kidneys were significantly lower than those
of the healthy kidneys at the 6th (t=3.928, P=0.006), 9th
(t=6.736, P=0.000), and 12th (t=11.476, P=0.000) weeks.
The difference in the relative reserve functions between
the obstructed and healthy kidneys was not significant
at the 6th week of obstruction (t=—1.261, P=0.248), but
the relative reserve functions of obstructed kidneys were
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significantly lower than those of healthy kidneys at the
9th (t=3.901, P=0.006) and 12th (t=4.389, P=0.003) weeks
of obstruction. The functions of obstructed kidneys,
including the GFRs during the PLT and baseline status,
net and relative reserve functions, generally decreased;
however, the relative reserve function at 6 weeks of
obstruction did not decrease significantly. Also, the
obstructed kidneys’ baseline function was not always
reduced (see Figure 1), and the baseline function in some
animals sometimes increased again (see Figure 1B).

Relationship between the renal reserve function and the
baseline GFR or obstruction duration

There was no significant correlation between the net
reserve function (r=0.288, P=0.173) or the relative reserve
function (r=-0.007, P=0.975) of the healthy kidneys and
the baseline GFR, and the correlation between the net
reserve function (r=0.262, P=0.216) or the relative reserve
function (r=0.330, P=0.115) of the healthy kidneys and the
duration of the contralateral ureteral obstruction was not
statistically significant. There was no significant correlation
between the net reserve function (r=0.012, P=0.957) or
the relative reserve function (r=-0.159, P=0.457) of the
obstructed kidneys and the baseline GFR. However, there
was a strong negative correlation between the net reserve
function (r=-0.713, P=0.000) of the obstructed kidneys and
the obstruction duration, and there was a moderate negative
correlation between the relative reserve function (r=—0.504,
P=0.012) of the obstructed kidneys and the obstruction
duration. The results showed that the assumption that
the higher the baseline GFR of the obstructed kidney, the
greater its reserve function was not correct. When the
baseline GFR of an obstructed kidney was relatively high, it
might lack reserve function (see Figure 2). Conversely, when
the baseline GFR of an obstructed kidney was relatively
low, it might lack reserve function (see Figure 3) or have an
obvious reserve function (see Figure 4).

Discussion

Effect of ureteral obstruction on the baseline and reserve
functions of obstructed kidneys

Ureteral obstruction frequently leads to renal function
impairment (24). Khalil ez /. (2) found that the GFRs of
rabbits progressively decreased in the context of complete
obstruction. Claesson et 4l. (4) showed that the decreased

Quant Imaging Med Surg 2021;11(8):3535-3548 | http://dx.doi.org/10.21037/qims-19-1060


https://cdn.amegroups.cn/static/public/QIMS-19-1060-supplementary.pdf

3540 Wang et al. Roles of PLT in hydronephrosis

Table of Result Summary Table of Result Summary

Parameters Left Right Total Parameters Left Right Total
Split Function (%) 80.6 19.4 Split Function (%) 464 538
Kidney Counts {cpm} 63320 15275 78596 Kidney Counts (cpm) 61448 70967 132415
Kidney Depth (cm) 1.530 1.760 Kidney Depth (cm) 1.580 2040
Uptake (%) 5.007 1230 6.326 Uptake (%) 4772 5511 103
GFR (mlmin) 445 10.7 553 GFR (ml/min) 437 504 941
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Figure 1 Dynamic renal scintigraphy of the baseline status at the 3rd and 28th days of the right ureteral obstruction for the same rabbit.
(A) On the 3rd day; (B) on the 28th day. (A1,B1) The phase of blood perfusion; (A2,B2) the phase of renal function; (A3,B3) quantitative
parameters and renogram curves; the right kidney curve in (A3) presented a type of low-level extension line, while that in (B3) presented
a type of high-level extension line. The results showed that the right GFR (10.7 mL/min) on the 3rd day of obstruction was obviously
lower than that of the left GFR (44.5 mL/min); the right GFR (50.4 mL/min) on the 28th day was slightly higher than that of the left GFR
(43.7 mL/min); the blood perfusion volume and the GFR (50.4 mL/min) of the right kidney on the 28th day of obstruction was obviously
higher than the blood perfusion and the GFR (10.7 mL/min) on the 3rd day. GFR, glomerular filtration rate.
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Tabhle of Resilr Simmary Tahle of Rasult Summany

Parameters Left Right Total Parameters Left Right Total
Split Function (%) 64.2 358 Split Function (%) 737 263

Kidney Counts (cpm) 87074 48500 135575 Kidney Counts (cprm) 150405 53584 203989
Uptake (%) 6.005 3345 9350 Uptake (%) 9.061 3.228 123
GFR (mlfrmin} 545 304 849 GFR (ml/min) 839 ol 1138
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Figure 2 During the PLT and in the baseline status in the 6th week of the right ureteral obstruction in the same rabbit, dynamic renal
scintigraphy. (A) Baseline status on the 42nd day of obstruction; (B) PLT on the 43rd day of obstruction. (A1,B1) The phase of blood

perfusion; (A2,B2) the phase of renal function; (A3,B3) quantitative parameters and renogram curves, the right kidney curves presented a

type of moderate level extension line. The results showed that the blood perfusion volume and the GFR of the right kidney in the baseline
status and during the PLT were obviously lower than those of the left kidney; the GFR (83.9 mL/min) of the left kidney during the PLT

was obviously higher than that (54.5 mL/min) in the baseline status, and the reserve function of the left kidney was 29.4 mL/min; the GFR

(29.9 mL/min) of the right kidney during the PL'T did not differ notably from that (30.4 mL/min) in the baseline status, and the reserve

function of the right kidney was 0.5 mL/min. PLT, protein load test; GFR, glomerular filtration rate.
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Table of Result Summary Table of Result Sumrmary

Parameters Left Right Total Parameters Left Right Total

Split Function (%) 935 6483 Split Function (%) 962 3818

Kidney Counts (cpm) 112246 77808 120027 Kidney Counts (cpm) 182653 72474 188801

Unptake (%) 5.552 0.385 §.837 Uptake (%) 8626 0.342 5.968

GFR (rlirmin) 481 3334 514 GFR (mlimin) 78.1 3.100 812
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Figure 3 During the PLT and in the baseline status at the 12th week of the right ureteral obstruction in the same rabbit, dynamic renal
scintigraphy. (A) Baseline status on the 82nd day of obstruction; (B) PLT on the 83rd day of obstruction. (A1,B1) The phase of blood
perfusion; (A2,B2) the phase of renal function; (A3,B3) quantitative parameters and renogram curves; the right kidney curve in (A3) presents
a type of low level, descending, and that in (B3) presents a type of low-level extension line. The results showed that the blood perfusion
volume and GFR of the right kidneyin the baseline status and during the PLT were obviously lower than those of the left kidney; the GFR
(78.1 mL/min) of the left kidney during the PLT was obviously higher than that (48.1 mL/min) in the baseline status, and the reserve
function of the left kidney was 30.0 mL/min; the GFR (3.10 mL/min) of the right kidney during the PLT did not differ notably from that
(3.33 mL/min) in the baseline status, and the reserve function of the right kidney was —0.23 mL/min. PLT, protein load test; GFR,
glomerular filtration rate.
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Table of Result Summary Table of Result Summary

Parameters Left Right Total Parameters Left Right Total
Split Function (%) 953 4728 Split Function (%) 794 208

Kidney Counts (cpm) 81429 40408 85470 Kidney Counts (cpm) 118564 30845 148409
Untake (%) 5.584 0277 5561 Uptake (%) 7952 2069 100
GFR (ml/min) 483 2397 507 GFER {rml/min) 726 188 95
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Figure 4 During the PLT and in the baseline status at the 6th week of the right ureteral obstruction in the same rabbit, dynamic renal
scintigraphy. (A) Baseline status on the 42nd day of obstruction; (B) PLT on the 43rd day of obstruction. (A1,B1) The phase of blood
perfusion; (A2,B2) the phase of renal function; (A3,B3) quantitative parameters and renogram curves, the right kidney curve in (A3) presents
a type of low level, slowly rising, and that in (B3) presents a type of low-level extension line. The results showed that the blood perfusion
volume and GFR of the right kidney in the baseline status and during the PLT were obviously lower than those of the left kidney; the
GFR (72.6 mL/min) of the left kidney during the PLT was obviously higher than that (48.3 mL/min) in the baseline status, and the reserve
function of the left kidney was 24.3 mL/min; the GFR (18.9 mL/min) of the right kidney during the PLT was obviously higher than that
(2.397 mL/min) in the baseline status, and the reserve function of the right kidney was 16.5 mL/min. PLT, protein load test; GFR,

glomerular filtration rate.
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GFRs of newborn rats’ obstructed kidneys did not reduce
further from 6 weeks to 1 year after partial obstruction.
Wang et 4l. (25) found that the baseline GFRs of obstructed
kidneys of rabbits decreased drastically at week 1 after
partial obstruction and then tended to maintain a stable
status until the 8th week. In the present study, we observed
renal function changed during weeks 6 to 12 after partial
obstruction and found that the obstructed kidneys’ baseline
GFRs tended to be stable. Changes in the baseline function
will differ depending on whether the obstruction is partial
or complete. However, the GFR during the PLT and
the reserve function of the obstructed kidneys gradually
decreased and were sometimes even lost from weeks 6 to
12. Thus, the further change in obstructive renal function
is essentially a progressive impairment of the reserve
function. This is similar to the changing tendency of an
unresected kidney’s baseline and reserve functions after a
single nephrectomy (26). The present study demonstrated
that the stability of the baseline GFR after the partial
ureteral obstruction was maintained for a certain period by
gradually depleted renal reserve function. Thus, the view
that there is an absence of progressive renal damage based
on the relative stability of the baseline GFR of obstructed
kidneys is incorrect. Baseline renal function has an obvious
disadvantage, as it does not accurately reflect the status and
changing characteristics of obstructive renal function and
thus cannot correctly reveal the process of obstructive renal
damage. Conversely, the renal function in the PL'T and the
renal reserve function has obvious advantages.

Effect of ureteral obstruction on the baseline and reserve
functions of contralateral kidneys

The acute decrease in one-sided kidney function is a factor
by which the contralateral kidney’s reserve function is
activated in the baseline status. Regazzoni et 4l. (26) studied
children who had one kidney resected and found that the
contralateral kidney’s baseline function compensated at
the highest level at 2 to 6 months after surgery and then
stabilized. However, in this study, the healthy kidneys’
baseline and reserve functions were relatively stable, and the
decrease in the obstructive kidney function did not result in
an obvious initiation of reserve function or a compensatory
increase in the baseline GFR in the contralateral kidneys
at 12 weeks. These results differ from those reported by
Regazzoni er al. (26). It may be that the obstructive renal
function had not been reduced sufficiently. A longer period
may be needed to observe the activation of the reserve
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function of healthy kidneys. We speculate that after the
right ureters of the experimental rabbits were severely
obstructed, the left renal function must have presented a
compensatory increase. After the adult rabbits had eaten
protein food, the left kidney function’s compensation might
be achieved by prolonging the working time of a high GFR
under a protein load. However, before the next baseline
GEFR test, the left kidney function had returned to the
baseline level again. Thus, when we performed the test of
the baseline GFR, no functional compensation of the left
kidney was found. If by this compensatory mechanism of
the left kidney, a rabbit cannot complete the metabolism
of previously eaten protein food by the next day, the left
kidney’s working time in the high GFR state will inevitably
be further extended. If the baseline GFR were to be tested
the next day, a compensatory increase in the baseline
GEFR of the left kidney or a decrease in the left kidney’s
reserve function might be found. However, this needs to be
confirmed in future studies.

The reserve of obstructive renal function and the induction
of reserve function in the baseline status

The baseline functions of the obstructed kidneys
significantly decreased in the early stage (see Figure 1A4).
However, completely irreversible kidney damage did
not occur (5). Fink et al. (27) found that impaired kidney
function might recover well if the obstruction is relieved
within 1 week. The baseline function turned into a reserve
function, and the reserve function significantly increased,
which was also indirectly confirmed by a later increase in
the right renal function (see Figure 1B). Thus, there was a
reverse change between the baseline and reserve functions
in the early stage of obstruction, whereby the baseline
renal function decreased and the renal reserve function
increased. Afterward, the baseline function gradually
increased restoratively (see Figure 1B). The reserve function
necessarily decreased; thus, there was a new reverse change
between baseline and reserve functions at this time whereby
the baseline renal function increased, and the renal reserve
function decreased. A reserve of obstructive kidney function
and induction of reserve function in the baseline status
was observed. When the baseline function recovered to a
certain level, the gradual decline in reserve function could
maintain the baseline function’s relative stability. However,
with the obvious decline or loss of reserve function,
the baseline function could not be further stabilized
and showed a tendency toward a gradual decline (see
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Figures 2,3). The renal function did not further increase
during the PLT, indicating that the reserve function was
activated in the baseline status. Also, the obstructed kidneys’
function increased drastically in the baseline status, which
indicated that its reserve function had been activated
(see Figure 1B). Our study showed that the change in the
obstructed kidney’s reserve function was unilateral, not
bilateral, which differed from findings for hypertensive
nephropathy, diabetic nephropathy, and chronic nephritis
(9-14). Thus, the obstructive renal reserve function’s
activation at the baseline status has different causes to those

of other nephropathies.

The supranormal baseline function of hydronepbrotic
kidneys

This study detected the supranormal baseline function
of hydronephrotic kidneys (see Figure 1B and Figure SI).
This is an incredibly new phenomenon. Previously, this
phenomenon has been observed in clinical practice, but
the findings have been controversial (28-31). Researchers
thought such findings were impossible. Ajmi er al. (28),
Moon et al. (29), and Inanir et 4/. (30) observed the same
phenomenon; that is, that the baseline GFR in obstructed
kidneys was higher than that in contralateral kidneys.
However, Khan et #/. (31) did not observe a similar
phenomenon in the context of unilateral hydronephrosis.
Moon et al. (29) speculated that the supranormal function’s
reason was that the background ROI was inappropriately
outlined. Similarly, Inanir ez #/. (30) and Khan er al. (31)
contended that artificial factors caused the phenomenon.
It is our view that these interpretations are unreasonable.
"This is a natural phenomenon in which the hydronephrotic
kidney’s reserve function is gradually activated in the
baseline status from a very low level that had decreased
previously (see Figure 1A) and returns to the baseline
function again (see Figure 1B). Thus, the hydronephrotic
kidney’s supranormal function does not truly exceed normal
function; rather, it is an impairment of the reserve function.

Relationship between the reserve and baseline functions of
obstructed kidneys

The results of the present study indicated that there was
no correlation between the reserve and baseline functions
of the obstructed kidneys. When the reserve function
is decreased or lost, its level of baseline function may
vary; for example, there may be a severe decrease (see

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Figure 3A), a mild reduction (see Figure 24), a normal level,
or even an increase (see Figure 1B). Conversely, when the
baseline function of hydronephrotic kidneys is severely
decreased, its reserve function may vary. Englund er al. (32)
and de Santo er 4l. (33) discovered a better reserve
function under a markedly decreased baseline function
in patients without hydronephrosis. Parida et a/. (34)
examined a unilateral hydronephrosis patient with a very
low renal function whose renal function was significantly
increased after relieving the obstruction, showing a
high reserve function of the hydronephrotic kidney. In
this study, we found a re-reserving obstructive kidney
function phenomenon at a later period (see Figure 4A4);
that is, we found better reserve function under severely
decreased baseline function conditions. However, Eskild-
Jensen ez a/l. (35) did not observe any increase in renal
function when a ureteral obstruction was relieved in the
context of very low renal function, which shows a lack of
reserve function. We observed similar phenomena in our
experiments. The baseline function and the reserve function
of hydronephrotic kidneys are often inconsistent. Thus, we
cannot reasonably infer the reserve function according to an
obstructed kidney’s baseline function. Indeed, the degree of
damage to the hydronephrotic kidney can only be accurately
assessed if the baseline and reserved functions are measured
simultaneously.

Clinical significance of the PLT in evaluating the function
of obstructed kidneys

Our study showed that the normal and supranormal
baseline GFRs in hydronephrotic kidneys do not indicate an
absence of impairment. Reserve function and renal function
in PLT are sensitive parameters that help identify renal
impairment early, and promptly remind doctors to attach
importance to progressive changes in renal function caused
by obstruction, and adopt timely measures to treat any
such patients. Additionally, a drastically declining baseline
GFR in hydronephrotic kidneys is also not an indicator
of severe renal impairment or lack of function. In this
study, the animals’ contralateral kidneys were completely
normal, and their function could fulfill the baseline
filtration requirements. Thus, obstructed kidneys can have
a “rest” status with a very low baseline GFR, which may
delay damage. At this time, the obstructed kidneys still
have some reserve function and recoverability (6). If the
residual function of a kidney is considered insignificant
or nonfunctional based on the level of its baseline renal
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function, a step could be taken to remove the kidney
surgically; however, this would be a mistake. At a certain
obstruction stage, the relative stability of the baseline
function cannot accurately reveal the progressive damage to
an obstructed kidney. The progressively decreasing feature
of the reserve function prompts clinicians to pay attention
to the necessity of relieving the obstruction and protecting
renal function. By detecting the renal reserve function
and the renal function in PLT, we can both identify early
dysfunction of obstructed kidneys and identify the hidden
function of obstructed kidneys with a “resting” status. Thus,
PLT has important clinical significance.

Limitations of the study

This study’s main limitation was that the renal function in
the PLT and the reserve function of the obstructed kidneys
were not fully detected before 6 weeks of obstruction. We
found that before 4 weeks of obstruction, especially in the
early stages of obstruction, the pressure in the obstructed
kidney was very high (5), which seriously interfered with the
accurate measurement of renal function in the PLT and the
reserve function, and no accurate data on reserve function
could be obtained. However, after 6 weeks of obstruction,
the obstructed kidneys were no longer expanding and began
to retract (5), indicating a gradual decrease in intrarenal
pressure. At this time, the interference of intrarenal pressure
on the renal function in the PLT and the obstructed
kidneys’ reserve function was significantly reduced, which
enabled us to obtain more accurate measurements. The
above is not only a limitation of this study; it is also why we
studied renal reserve function after 6 weeks of obstruction.

Conclusions

This study observed changes in the baseline and reserve
renal functions from weeks 6 to 12 after severe ureteral
obstruction. We found that obstructed kidneys’ function
progressively decreased and that this decrease mainly
appeared in the reserve function and the renal function in the
PLT and not in the baseline function. Essentially, the baseline
function maintained certain stability at these time points by
continuously depleting its reserve function. Baseline renal
function is not a sensitive parameter reflecting obstructive
renal damage; however, the reserve function and the renal
function in the PLT are sensitive indicators. Our results
showed that there was no significant correlation between the
baseline and reserve functions. In hydronephrotic kidneys, a
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normal or supranormal baseline function frequently implies
a decrease in or a lack of reserve function, and a lack of
baseline function does not mean no function. Conversely, it
can also imply a better reserve function at “rest” status. Thus,
the reserve and renal functions in PLT" are very important if
renal impairment is to be accurately assessed, and remaining
function is to be accurately detected under severe ureteral
obstruction conditions.
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Supplementary

Table S1 Comparison of the total GFR between the PLT and the baseline status in the bilateral kidneys (means + SDs)

GFR Renal reserve function
Obstruction
time Baseline status PLT (mL/min) t P Minimum reserve Maximum reserve  Net reserve Relative
(mL/min) (mL/min) (mL/min) (mL/min) reserve (%)
Week 6 8 80.88+21.28 105.92+19.94 -5.823 0.001 9.37 42.58 25.05+12.17 34.84+24.26
Week 9 8 73.66+£18.50 97.20+29.17 -5.573 0.001 8.08 40.12 23.54+11.95 30.61x11.51
Week 12 8 70.56+21.46 89.60+£25.74 -6.508 0.000 6.66 29.16 19.03+8.27  27.93+13.56

N, number of rabbits; GFR, glomerular filtration rate; PLT, protein load test; SD, standard deviation.
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Figure S1 Dynamic renal scintigraphy in the baseline status before obstruction and on the 28th day of the right ureteral obstruction in the
same rabbit. (A) Before obstruction; (B) on the 28th day of obstruction. (A1,B1) The phase of blood perfusion; (A2,B2) the renal function
phase; (A3,B3) quantitative parameters and renogram curves. The results showed that the GFR (50.4 mL/min) of the right kidney on the
28th day of obstruction was higher than the GFR (45.7 mL/min) before obstruction, and the blood perfusion volumes and the GFRs of the

bilateral kidney were similar before the obstruction. GFR, glomerular filtration rate.
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