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Objective: To use the patient outcome endpoints overall 
survival and progression-free survival to evaluate func-
tional parameters derived from dynamic contrast- 
enhanced CT.
Methods: 69 patients with metastatic renal cell carcinoma 
had dynamic contrast-enhanced CT scans at baseline and 
after 5 and 10 weeks of treatment. Blood volume, blood 
flow and standardized perfusion values were calculated 
using deconvolution (BVdeconv, BFdeconv and SPVdeconv), 
blood flow and standardized perfusion values using 
maximum slope (BFmax and SPVmax) and blood volume and 
permeability surface area product using the Patlak model 
(BVpatlak and PS). Histogram data for each were extracted 
and associated to patient outcomes. Correlations and 
agreements were also assessed.
Results: The strongest associations were observed 
between patient outcome and medians and modes for 
BVdeconv, BVpatlak and BFdeconv at baseline and during 
the early ontreatment period (p < 0.05 for all). For the 

relative changes in median and mode between baseline 
and weeks 5 and 10, PS seemed to have opposite associ-
ations dependent on treatment.Interobserver correlations 
were excellent (r ≥ 0.9, p < 0.001) with good agreement 
for BFdeconv, BFmax, SPVdeconv and SPVmax and moderate 
to good (0.5 < r < 0.7, p < 0.001) for BVdeconv and BVpatlak. 
Medians had a better reproducibility than modes.
Conclusion: Patient outcome was used to identify the 
best functional imaging parameters in patients with meta-
static renal cell carcinoma. Taking patient outcome and 
reproducibility into account, BVdeconv, BVpatlak and BFde-

conv provide the most clinically meaningful information, 
whereas PS seems to be treatment dependent. Standard-
ization of acquisition protocols and post-processing soft-
ware is necessary for future clinical utilization.
Advances in knowledge:  Taking patient outcome and 
reproducibility into account, BVdeconv, BVpatlak and BFde-

conv provide the most clinically meaningful information.  
PS seems to be treatment dependent.
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Introduction
Dynamic contrast-enhanced CT (DCE-CT) enables 
the quantification of absolute physiological parameters 
such as blood volume (BV), blood flow (BF), perme-
ability surface area (PS) and mean transit time as well 
as semi-quantitative parameters such as time to peak 
enhancement.1,2 Quantification of the absolute phys-
iological parameters can be done using a number of 
different mathematical models, most of which have 
specific assumptions built into the model. For general 
body DCE-CT, the most commonly used models are 
based on Fick’s principle (maximum slope3 and conven-
tional compartment models, CC), Patlak analysis4,5 and 
deconvolution using the adiabatic approximation of 

tissue homogeneity (AATH)6—all of which are integrated 
into commercial products.1

Quantification of the DCE-CT parameters in tissue with a 
single blood supply is primarily done using the first pass 
of the contrast media. The models built on Fick’s principle 
assume that the different compartments (primarily intra-
vascular extracellular and extravascular extracellular) are 
well mixed. More specifically, the maximum slope model 
assumes no venous outflow, making it only applicable 
during first pass.3 Patlak is a two-compartment model in 
which one-way flow is assumed. The Patlak plot is linear 
allowing for linear regression when flow from the intra-
vascular to the extracellular space is dominant.4 AATH 
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deconvolution assumes a concentration gradient in the capillary, 
but a well-mixed interstitium.6

Only few clinical studies of solid tumours have compared 
DCE-CT parameters using two or more mathematical models to 
analyse the same patient scans.7–15 Of these, two have attempted 
to correlate differently derived DCE-CT parameters to patient 
survival.11,13

The aim of this explorative study was to identify which 
DCE-CT functional parameters, including time point(s), 
statistical parameter(s) and mathematical model(s) used in the 
calculation of the DCE-CT parameters, had the best correla-
tions to patient outcome endpoints in metastatic renal cell 
carcinoma. As an integral part of the exploration of possible 
imaging biomarkers, interobserver correlations and agreement 
were also tested.

Methods and materials
Patients and scan parameters
92 patients from 2 studies, the Danish Renal Cancer Group 
Study-1 (DARENCA-1) and the Angiogenesis Inhibitor Study 
(AIS), receiving systemic treatment for metastatic renal cell 
carcinoma were included in this analysis. DARENCA-1 (​
ClinicalTrials.​gov identifier NCT01274273)16 was a random-
ized Phase II clinical trial comparing subcutaneously 
administered interleukin-2-based immunotherapy with and 
without the intravenous angiogenesis inhibitor bevacizumab 
(Avastin; Roche, Basel, Switzerland). AIS is an ongoing 
cohort study of patients receiving routine first-line angio-
genesis inhibitors. The regional ethics committee approved 
both studies and all patients gave written informed consent 
prior to inclusion.

In both studies, patients were scanned with DCE-CT before 
treatment start and after 5 and 10 weeks of treatment. DCE-CT 
scans were performed using a Philips Brilliance 64 or iCT Philips 
Healthcare, Best, Netherlands) with a scan cycle every 2 s during 
a period of 70 s. Patients received intravenous administration 
of 60 ml iodixanol (Visipaque; GE Healthcare, Princeton, NJ)  
270 mg iodine ml−1 or 60 ml iohexol (Omnipaque; GE Health-
care, Princeton, NJ) 300 mg iodine ml−1 at 6 ml s−1 in connection 
with the DCE-CT scans. Median acquisition parameters were  
8 cm z-axis length (4–16 cm), 80 kVp (80–120 kVp) and 100 mAs 
(80–210 mAs). For DCE-CT analysis, 5 mm axial image recon-
structions were used.

At baseline, week 10 and every 12 weeks thereafter, all patients 
also received routine contrast-enhanced CT scans of the thorax, 
abdomen and pelvic regions (120 kVp, attenuation-based 
current-modulation, 64 or 128 × 0.625 mm collimation, pitch 
0.925, tube rotation time 0.75 s) using bolus-tracking technique 
with iodixanol 270 mg iodine ml−1 or iohexol 300 mg iodine ml–1 
at 2 ml kg–1 body weight (max. 180 ml) and injection velocities 
of 4 ml s−1. These routine scans were assessed using response 
criteria in solid tumours (RECIST) 1.1, and the clinical deci-
sion-making was based on these results.

Imaging analysis
Of the 92 patients included, baseline scans for 23 patients were 
unable to be analysed owing to movement artefacts (n = 18) and 
other technical issues (n = 5). Thus, 69 patients were included in 
the analyses in the present manuscript. Follow-up time ranged 
from 13.8 to 60.7 months with a median of 33.6 months. It should 
be noted that a recently published article, which examines the 
clinical implications of DCE-CT in further detail while building 
upon the conclusions drawn in the present manuscript, was 
based on the same patients.17 A small number of these patients 
(n = 12) were also used in an earlier preliminary study using less 
advanced software.18

The four-dimensional DCE-CT scan series were loaded into 
the Advanced Perfusion and Permeability Application software 
(Philips Healthcare, Best, Netherlands), and after non-rigid 
registration and spatial filtration, a region of interest was drawn 
in a large artery (usually aorta) while carefully avoiding partial 
volume effects. Nine different quantitative and semi-quantita-
tive parameters were calculated (Figure 1a): blood volume using 
deconvolution (BVdeconv, ml ×  100 g−1) and using the Patlak 
model (BVpatlak, ml × 100 g−1); blood flow using deconvolution 
(BFdeconv, ml × min−1 × 100 g−1) and using the maximum slope 
model (BFmax, ml ×  min−1  ×  100 g−1); standardized perfusion 
values using deconvolution (SPVdeconv, no units) and using the 
maximum slope model (SPVmax, no units); permeability surface 
area product using the Patlak model (PS, ml × min−1 × 100 g−1); 
mean transit time (s); and time to peak (s).

Advanced Perfusion and Permeability Application uses an exact 
maximum likelihood expectation maximization deconvolution 
technique. The standardized parameters SPVdeconv and SPVmax 
are modelled after Miles et al19.

A data  set for each of the DCE-CT parameters was calculated 
and was then saved as a series for each parameter and loaded 
into Intellispace v. 6.0 Multimodality Tumor Tracking (Philips 
Healthcare, Best, Netherlands) together with a series created 
from the time of peak tumour enhancement. Using the peak 
tumour enhancement series, the tumour was delineated using a 
three-dimensional semi-automatic sculpt tool (Figure 1b). When 
the tumour was sufficiently delineated, each of the DCE-CT 
parameter series were chosen individually and histograms 
were displayed showing the distribution of values on the x-axis 
and number of pixels on the y-axis. The histograms were then 
extracted for each DCE-CT parameter as a comma-separated file 
(.csv) for each patient at each available time point. Examples of 
extracted histograms are shown in Figure 2. Because of technical 
limitations, mean transit time and time to peak could not be 
extracted for analysis.

Statistical analysis
Using an in-house script developed in Matlab (v. R2011b, Math-
Works, Natick, MA), the upper and lower 1/1000 numerical 
values were removed from all histograms, and the following 
parameters were calculated for each histogram: median, mean, 
mode, standard deviation, interquartile range, skewness and 
kurtosis (Table 1).
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Figure 1. Imaging analysis using the prototype APPA program. 
(a) Using a manually designated arterial input function, APPA 
calculates a number of different functional imaging param-
eters, here displayed as colour maps. (b) Three-dimensional 
delineation of the lymph node metastasis is done in Tumor 
Tracking and the resulting pixel-by-pixel data for each param-
eter are extracted as histograms such as those depicted in 
Figure 2. APPA, advanced perfusion and permeability applica-
tion; BF, blood flow; BV, blood volume; MTT, mean transit time; 
PS, permeability surface area product; SPV, standardized per-
fusion value; TTP, time to peak.

Figure 2. Histograms from BVdeconv (a) and BVpatlak (b) in a 
single patient based on data extracted from APPA using the 
same tumour delineation for both parameters. Histograms 
with a configuration similar to (a) were most commonly 
seen using the deconvolution and max slope methods of 
calculation (BVdeconv, BFdeconv, BFmax, SPVdeconv and SPVmax) 
while histograms similar to (b) were more commonly seen 
when using the Patlak method of calculation (BVpatlak and 
PS).  APPA,  advanced perfusion and permeability applica-
tion; BF, blood flow; BV, blood volume; PS, permeability sur-
face; SPV, standardized perfusion value.

For median, mode, interquartile range, skewness and kurtosis, 
the relative change between baseline and ontreatment weeks  
5 and 10 was calculated using the following equation:

	
[
On-treatment time point

]
−
[
Baseline

]
[
Baseline

] × 100�  (1)

The absolute values as well as the values for relative change were 
then examined for associations with progression-free survival 
(PFS) and overall survival (OS) using Kaplan–Meier curves 
and log rank tests (SPSS Statistics software v. 20.0.0.1, IBM 
Corporation, Armunk, NY). PFS was defined as the time from 
study inclusion to progression as per RECIST or cancer-related 
death (whichever came first). OS was defined as the time from 
study inclusion to cancer-related death. If the endpoint was not 
reached, data were censored at the last date of follow up.

To explore the correlations between different mathematical 
models, the different blood volume parameters (BVdeconv and 
BVpatlak) and perfusion parameters (BFdeconv, BFmax, SPVdeconv 

and SPVmax) were examined using Spearman’s rank correlation 
(SPSS), linear regression and Bland-Altman plots (Excel for Mac 
2011 v. 14.6.1; Microsoft, Redmond, WA).

To assess interobserver correlations, a second radiologist with 
experience in DCE-CT independently analysed the tumours 
from a subgroup of the patients (n = 49) using the same proce-
dure as previously described. Interobserver correlation and 
agreement for median and mode of each DCE-CT parameter 
was then examined using Pearson’s correlation coefficient (SPSS), 
linear regression and Bland-Altman plots (Excel).

Results
Imaging parameters and patient outcome 
endpoints
From the histogram analysis using median, mode, interquartile 
interval, kurtosis and skewness, statistically significant associ-
ations to patient outcome were observed for median at baseline 
(OS: p < 0.05 for BVdeconv, BFdeconv and SPVdeconv), week 5 (OS:  
p < 0.05 for BFdeconv, BFmax, SPVdeconv and SPVmax) and for 
the relative changes from baseline to week 5 (PFS: p < 0.05 
for BVdecon, BVpatlak and BFdeconv) and to week 10 (PFS:  
p < 0.05 for BVdeconv) (Table  2). Significant associations to 
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Table 2. Statistical parameters and time points that had the strongest associations to patient outcome (OS and PFS), p-values and 
the median survival in months (above the median; below the median) are indicated in the table below 

Baseline Relative change from baseline to week 5
Relative change from 
baseline to week 10

Median Mode Median Mode Kurtosis Median Mode
BVdeconv PFS 0.018a

(10.8; 5.3)
0.328

(9.9; 5.6)
0.023a

(5.4; 10.8)
0.001a

(5.3; 10.8)
0.589

(5.5; 9.5)
0.035a

(8.1; 10.8)
0.052

(5.4; 10.8)

OS 0.045a

(35.2; 20.2)
0.173

(35.2; 21.1)
0.274

(19.1; 30.7)
0.257

(20.2; 30.7)
0.389

(28.4; 27.5)
0.216

(24.0; 31.7)
0.061

(20.2; 36.3)

BVpatlak PFS 0.166
(10.8; 5.3)

0.213
(10.8; 5.4)

0.029a

(5.3; 11.1)
<0.001a

(5.3; 14.3)
0.001a

(12.0; 5.3)
0.201

(8.1; 10.8)
0.011a

(5.4; 12.7)

OS 0.161
(36.3; 27.5)

0.021a

(36.3; 21.1)
0.051

(20.2; 53.0)
0.011a

(19.1; 53.0)
0.004a

(53.0; 14.6)
0.792

(30.7; 28.4)
0.042a

(20.2; 36.3)

BFdeconv PFS 0.060
(10.8; 5.4)

0.036a

(10.8; 5.4)
0.025a

(5.4; 10.8)
0.006a

(5.3; 11.1)
0.052

(8.3; 8.1)
0.052

(5.6; 10.8)
0.056

(5.6; 10.8)

OS 0.046a

(36.3; 21.1)
0.005a

(36.3; 19.1)
0.521

(27.9; 31.7)
0.148

(27.5; 31.7)
0.017a

(NR; 19.1)
0.193

(19.1; 31.7)
0.295

(27.5; 31.7)

BFmax PFS 0.165
(10.8; 5.3)

0.176
(10.8; 5.4)

0.057
(5.4; 10.8)

0.011a

(5.3; 10.8)
0.125

(10.8; 5.6)
0.117

(8.2; 10.8)
0.007a

(5.5; 11.1)

OS 0.183
(35.2; 21.1)

0.144
(35.2; 21.1)

0.774
(35.2; 27.9)

0.407
(27.5; 36.7)

0.004a

(53.0; 15.7)
0.188

(19.1; 31.7)
0.114

(21.1; 31.7)

SPVdeconv PFS 0.107
(10.8; 5.3)

0.135
(10.8; 5.6)

0.060
(5.3; 10.8)

0.005a

(5.3; 12.0)
0.090

(8.3; 8.2)
0.078

(8.2; 10.8)
0.014a

(8.1; 10.8)

OS 0.009a

(36.3; 19.1)
0.001a

(36.3; 14.6)
0.594

(27.5; 30.7)
0.111

(20.2; 53.0)
0.025a

(NR; 21.1)
0.192

(19.1; 31.7)
0.103

(15.7; 35.2)

SPVmax PFS 0.388
(9.5; 5.3)

0.756
(8.3; 8.2)

0.317
(5.6; 8.3)

0.691
(5.5; 8.3)

0.155
(10.8; 8.1)

0.150
(8.2; 8.5)

0.016a

(5.4; 10.8)

OS 0.516
(31.7; 24.0)

0.343
(31.7; 21.1)

0.607
(27.5; 28.4)

0.925
(27.5; 28.4)

0.001a

(53.0; 15.7)
0.375

(20.2; 30.7)
0.091

(19.1; 31.7)

PS PFS 0.829
(8.1; 8.3)

0.592
(9.9; 8.2)

0.957
(8.2; 9.9)

0.066
(8.1; 10.9)

0.319
(8.1; 9.9)

0.342
(8.3; 10.8)

0.044a

(8.2; 12.0)

OS 0.665
(31.7; 27.5)

0.745
(31.7; 28.4)

0.499
(27.9; 53.0)

0.025a

(21.1; 53.0)
0.963

(27.9; 30.7)
0.477

(28.4; 53.0)
0.755

(28.4; 27.9)

BF, blood flow; BV, blood volume; OS, overall survival; PFS, progression-free survival; PS, permeability surface; SPV, standardized perfusion value.
NR, not reached [more than half of the patients had not progressed (progression-free survival) or were alive (overall survival)].
When all mRCC patients are grouped regardless of treatment, BVdeconv, BVpatlak, BFdeconv and SPVdeconv have stronger associations to patient 
outcomes than BFmax, SPVmax and PS. Associations between dynamic contrast-enhanced CT parameters and patient outcomes were tested using 
Kaplan–Meier plots and log rank tests with the data divided using medians.
ap < 0.05.

patient outcome were also observed for mode at baseline (OS:  
p < 0.05 for BVpatlak, BFdeconv and SPVdeconv) and for the relative 
changes from baseline to week 5 (PFS: p < 0.05 for BVdeconv, 
BVpatlak, BFdeconv, BFmax and SPVdeconv) and to week 10 (PFS: p 
< 0.05 for BVpatlak, BFmax, SPVdeconv, SPVmax and PS). The rela-
tive changes in kurtosis between baseline and week 5 also had 
an association to OS (p < 0.005 for BVpatlak, BFmax and SPVmax; 
p < 0.05 for BFdeconv and SPVdeconv). The other parameters from 
the histogram analysis showed no definite tendencies.

Using median and mode to assess the seven DCE-CT parameters 
BVdeconv, BVpatlak, BFdeconv, BFmax, SPVdeconv, SPVmax and PS, the 
strongest associations were observed between patient outcome 
and BVdeconv, BVpatlak and BFdeconv at baseline and during the early 
ontreatment period (relative changes to weeks 5 and 10) (Table 2). 
For the relative changes in median and mode between baseline 
and weeks 5 and 10, PS seemed to have a negative association with 

patient outcome for those treated with angiogenesis inhibitors (all 
patients in AIS as well as those in DARENCA-1 receiving bevaci-
zumab) and a positive association with patient outcome for those 
treated with immunotherapy alone.

Comparison of mathematical models
The correlations between similar DCE-CT parameters derived 
using different mathematical models were good or excel-
lent according to Spearman’s rank correlation tests (Table  3). 
Using log  transformed Bland–Altman plots, we found biases 
showing that BVpatlak was −35.6% (medians) or −40.3% (modes) 
compared with BVdeconv. BFmax was +99.2% (medians) or +87.6% 
(modes) compared with BFdeconv. The 95% limits of agreement 
were very broad, especially for the BFs (Table 3 and Figure 3). 
Using medians, SPVdeconv was 8.9% of the numerical value of BF 

deconv, and SPVmax was 9.2% of the numerical value for BFmax. 

http://birpublications.org/bjr


6 of 11 birpublications.org/bjr Br J Radiol;91:20160795

BJR  Mains et al

Table 3. Correlations and agreements between similar DCE-CT parameters calculated using different mathematical models 

Linear regression
Spearman’s rank 

correlation Bland–Altman plots of agreement

x y Median or mode Slope rs p-valuea Ratio: (y/x) − 1 in 
percent

95% limits of agreement 
(from log10 data)

BVdeconv BVpatlak Median 0.569 0.815 <0.001 −35.6% −69.2%; +34.6%

Mode 0.755 0.813 <0.001 −40.3% −74.8%; +41.3%

BFdeconv BFmax Median 1.935 0.812 <0.001 +99.2% −26.5%; +439.7%

Mode 1.442 0.795 <0.001 +87.6% −30.6%; +407.4%

SPVdeconv SPVmax Median 2.152 0.866 <0.001 +105.2% −2.8%; +333.1%

Mode 1.739 0.856 <0.001 +90.8% −12.6%; +316.6%

BFdeconv SPVdeconv Median 0.089 0.895 <0.001

Mode 0.090 0.903 <0.001

BFmax SPVmax Median 0.092 0.902 <0.001

Mode 0.098 0.894 <0.001

BF, blood flow; BV, blood volume; DCE-CT, dynamic contrast-enhanced CT; SPV, standardized perfusion value.
Spearman’s rank correlation and log  transformed data were used, because the differences in the non-transformed data increased with the 
magnitude of the mean. For clinically meaningful values, the mean difference and 95% limits of agreement have then been back-transformed to 
express y as the relative difference from x. Bland–Altman plots were not made for comparisons between BFs and SPVs because of their different 
units.
ap < 0.05.

Using modes, the percent of the numerical value was 9.0 and 
9.8%, respectively.

Interobserver assessments
The correlations between interobserver assessments for each 
of the seven DCE-CT parameters identified excellent positive 
correlations (r > 0.9 and p < 0.001) and good agreement (mean 
difference as per cent < ± 5%) for BFdeconv, BFmax, SPVdeconv and 
SPVmax and moderate to good positive correlations for BVde-

conv and BVpatlak, where as PS (median) had a moderate positive 
correlation (Table  4 and Figure  4). Blood flow using medians 
produced the best agreement and smallest biases (BFdeconv= 
−0.2% and BFmax=  +1.5%) of all seven DCE-CT parameters. 
Mode had lower correlation coefficients and larger limits of 
agreement than medians suggesting that medians have a better 
reproducibility.

Discussion
The present study used patient outcome endpoints to identify the 
best functional imaging parameters in patients with metastatic 
renal cell carcinoma. BVdeconv and BVpatlak both showed statisti-
cally significant associations to patient outcome and were closely 
correlated to each other. Interobserver correlations for BVdeconv 
and BVpatlak were moderate to good although their agreements 
displayed a bias of about 20% of the mean and 95% limits of 
agreement of about ±  80% of the mean. PS had agreements, 
which were very similar to the BVs, but had poor-to-moderate 
interobserver correlations. BFdeconv and SPVdeconv showed closer 
associations to patient outcome than BFmax and SPVmax. Interob-
server agreement plots showed that BFdeconv had a smaller 
standard deviation (of difference as a percentage of the mean) 
than SPVdeconv, and BFs were also simpler as SPVs required 

the additional input of patient weight, contrast media volume, 
contrast media concentration and an iodine calibration factor. 
All four of the perfusion parameters had excellent interobserver 
correlations. Generally for correlations between mathematical 
models and between observers, medians had higher correlations 
and smaller or equal limits of agreement compared with modes 
suggesting that medians are more reproducible. In essence, BVde-

conv, BVpatlak and BFdeconv were the best parameters for providing 
clinically meaningful information when patient outcome and 
reproducibility are taken into account. PS seemed to be treat-
ment dependent. Before entering clinical practice, our findings 
should be verified in larger studies.

For renal cell carcinoma, no one has previously published studies 
using patient outcome endpoints to identify the best mathe-
matical models for calculating DCE-CT parameters, whereas 
Koh et al11 and Lee et al13 have published studies of colorectal 
cancer and hepatocellular carcinoma, respectively. Koh  et  al11 
found in a study of 46 patients comparing the mathematical 
models conventional compartment, AATH and distributed 
parameters (DPs), that only extravascular extracellular volume 
derived using the DP model had a correlation with 5-year 
survival. Lee et al13 found in a study of 22 patients comparing 
the mathematical models Tofts-Kety, 2 compartment exchange, 
AATH and DP, that the extraction fraction derived using AATH 
was correlated to 1-year survival and also positively correlated to 
OS. For both studies, no other parameters were found to signifi-
cantly correlate to patient outcome. As neither the extravascular 
extracellular volume nor the extraction fraction was available 
on our platform, we were unable to test these parameters in the 
present study.
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Figure 3. Linear regressions for medians of BVdeconv and BVpatlak (a), BFdeconv and BFmax (b) and BFdeconv and SPVdeconv (c) with 
lines and equations representing the best fit. Bland–Altman plots for BVdeconv and BVpatlak (d−f) and BFdeconv and BFmax (g−i). (d, 
g) are Bland–Altman plots with the original values. As the variability of the difference increased with the mean, the data were 
log10-transformed (e,  h) to find reliable 95% LOA (denoted as “± 2 SD”). In (f, i), the data points, mean difference and 95% LOA 
were transformed back so the results could be expressed as relative differences from the x-axis parameter [as defined in the lin-
ear graphs (a, b) and in Table 3]. BF, blood flow; BV, blood volume; LOA, limits of agreement; SPV, standardized perfusion value.

No published studies for renal cell carcinoma examined correla-
tions between similar DCE-CT parameters derived from different 
mathematical models. However, a number of studies using other 
tumours have examined agreements between more than one math-
ematical model for deriving BV and/or BF.7–11,13,14,20,21 Altogether, 
the agreements between the values were quite dissimilar even 
when the same mathematical model was used. As each mathemat-
ical model is built on certain assumptions, it follows that different 
types of tumours could give differing agreements if the one type of 
tumour conforms to the model’s assumptions while another type 
of tumour violates these assumptions. Differing agreements can 
also be owing to the differences in DCE-CT acquisition parameters 
and post-processing software, problems that have been highlighted 
in earlier studies.9,22–24 Recently, a research group has suggested 
a framework for comparison of five of the most commonly used 
kinetic models in DCE-CT and DCE MRI,15 however, a larger 
cooperation between vendors and between institutions is necessary 

to ensure the transparency required to advance research in this 
field.

Our study is the first to use SPVs in renal cell carcinoma and the 
first study comparing different mathematical models for deriving 
SPVs. Previous studies exploring the use of SPVs in lung, breast 
and colorectal cancers19,25–29 have compared DCE-CT’s SPV 
with FDG-PET’s SUV, while a single study30 has compared the 
SPV of oesophagus cancer with the SPV of skeletal muscle. Theo-
retically, SPVs could be used to correct for some differences in 
acquisition parameters including different scanners, different 
peak kilovolts and different contrast concentrations, but in our 
study using the same protocols and same equipment, SPVs 
offered no advantage compared with BF.

Previously, only one study has explored interobserver correlations 
for DCE-CT parameters in renal cell carcinoma. Reiner  et  al31 
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Table 4. Interobserver variation and correlation for median and mode of all seven DCE-CT parameters

Linear regression Pearson’s correlation Bland–Altman plots of agreement

Parameters Slope r p-value Mean difference (± SD) Difference as percent (± SD)
BVdeconv Median 0.826 0.580 <0.001 +5.88 (± 19.41) +16.6% (± 36.8%)

Mode 1.01 0.528 <0.001 +6.34 (± 23.58) +20.3% (± 41.9%)

BVpatlak Median 0.760 0.703 <0.001 +5.20 (± 11.39) +19.4% (± 40.2%)

Mode 0.501 0.506 <0.001 +5.43 (± 12.79) +24.1% (± 52.3%)

BFdeconv Median 0.968 0.966 <0.001 −0.46 (± 27.85) −0.2% (± 15.7%)

Mode 0.936 0.903 <0.001 −0.15 (± 46.16) −0.1% (± 25.5%)

BFmax Median 0.970 0.962 <0.001 +6.31 (± 79.01) +1.5% (± 15.8%)

Mode 0.879 0.938 <0.001 +11.18 (± 75.98) +3.3% (± 29.7%)

SPVdeconv Median 0.997 0.965 <0.001 −0.13 (± 2.94) −0.7% (± 27.8%)

Mode 0.997 0.938 <0.001 −0.26 (± 3.78) −1.5% (± 33.9%)

SPVmax Median 0.971 0.954 <0.001 +0.72 (± 8.94) +1.7% (± 24.1%)

Mode 0.899 0.948 <0.001 +0.70 (± 7.75) +2.1% (± 27.7%)

PS Median 0.552 0.438 <0.001 +5.49 (± 11.38) +20.5% (± 36.4%)

Mode 0.100 0.192 0.031 +4.18 (± 25.37) +17.8% (± 59.8%)

BF, blood flow; BV, blood volume; DCE-CT, dynamic contrast-enhanced CT; PS, permeability surface; SD, standard deviation; SPV, standardized 
perfusion value.
Difference as a percentage of the mean is found by dividing the difference with the mean and plotting this on the y-axis of the Bland–Altman plot. 
As the ranges and means are very different from one parameter to another, this allows for a better comparison of agreement between parameters 
showing that BFdeconv using medians has the best correlation and agreement and the least bias of all the parameters.

found excellent correlations (r > 0.90) and small mean differences 
between observers for BF, BV and permeability (Ktrans). We found 
excellent correlations for all perfusion parameters (BF and SPV), 
moderate/good correlations for BV and only moderate correlations 
for PS. Our study seemed to have larger mean differences, i.e. for 
BFmax, the mean difference was + 6.31 ml × min−1× 100 g−1 in our 
study vs 3.2 ml × min−1 × 100 g−1 in the study by Reiner et al.31 
However, the range in their study31 was 29.5 to 308.3 ml 
× min−1 × 100 g−1, while it was 84.7 to 1753.1 ml × min−1 × 100 g−1 
in our study, demonstrating that even when using similar tumours 
and mathematical models, data from two different research insti-
tutions analysed using software from two different vendors do not 
seem to be directly comparable.

For various other tumours, BF always has good or excellent 
interobserver correlations,10,28,32–39 while BV has mostly good 
or excellent correlations,10,32,33,35–40 but also some moderate 
interobserver correlations.28,34 For permeability and PS, there 
were also mostly good and excellent interobserver correla-
tions,28,33,37,39 but also moderate correlations.35,36 It was not 
clear for all studies whether interobserver studies were based on 
tumour delineation only or on a larger portion of DCE-CT anal-
ysis process, which would result in greater variation than delin-
eation only. In addition, the bin size for the histogram data in our 
study could not be adjusted prior to extraction, which resulted in 
data that for PS and BV were spread over fewer bins and, there-
fore, less granular.

Study limitations were the small sample size, although the present 
prospective study represents one of the largest studies to date. We 
did a large number of statistical analyses, thus, multiple testing in 
combination with the small sample size could lead to unreliable 
results. However, as the focus of our statistical analysis was to 
identify trends and patterns in our data, not simply focusing on 
single significant p-values, we chose not to adjust our p-values 
for multiple testing. Another limitation is the lack of external 
verification using an independent test data set.

Conclusions
Patient outcome was used to identify the best functional 
imaging parameter in patients with mRCC. In our study, BVde-

conv, BVpatlak and BFdeconv were the best parameters for providing 
clinically meaningful information when patient outcome and 
reproducibility were taken into account. PS seems to be treat-
ment dependent. Standardization of acquisition protocols and 
post-processing software is necessary in order to improve the 
clinical utility of DCE-CT.
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Figure 4. Interobserver correlations using medians of BFdeconv (a−c), BVdeconv (d−f) and PS (g−i). (a, d and g) are plots of linear 
regression with lines and equations representing the best fit. (b, f and j) are Bland–Altman plots using the original values, while (c, 
f and i) express the differences as percentages of the mean, allowing a way of comparing interobserver agreement among param-
eters that have very different ranges. BFdeconv (f) clearly has the narrowest 95% LOA (denoted as “± 2 SD”) even although it seems 
to have the broadest 95% LOA when only considering the mean difference (e) as the values for BFdeconv are on average 5.5 and 
7.3 times larger than those for BVdeconv and PS, respectively. BV, blood volume; LOA, limits of agreement; PS, permeability surface.
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