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 Purpose: To assess the reproducibility of computed tomographic 
(CT) perfusion measurements in liver tumors and normal 
liver and effects of motion and data acquisition time on 
parameters.

 Materials and 
Methods: 

Institutional review board approval and written informed 
consent were obtained for this prospective study. The study 
complied with HIPAA regulations. Two CT perfusion scans 
were obtained 2–7 days apart in seven patients with liver 
tumors with two scanning phases (phase 1: 30-second breath-
hold cine; phase 2: six intermittent free-breathing cines) 
spanning 135 seconds. Blood fl ow (BF), blood volume (BV), 
mean transit time (MTT), and permeability–surface area 
product (PS) for tumors and normal liver were calculated 
from phase 1 with and without rigid registration and, for com-
bined phases 1 and 2, with manually and rigid-registered 
phase 2 images, by using deconvolution modeling. Variability 
was assessed with within-patient coeffi cients of variation 
(CVs) and Bland-Altman analyses.

 Results: For tumors, BF, BV, MTT, and PS values and reproducibil-
ity varied by analytical method, the former by up to 11%, 
23%, 21%, and 138%  , respectively. Median PS values 
doubled with the addition of phase 2 data to phase 1 data. 
The best overall reproducibility was obtained with rigidly 
registered phase 1 and phase 2 images, with within-patient 
CVs for BF, BV, MTT, and PS of 11.2%, 14.4%, 5.5% and 
12.1%, respectively. Normal liver evaluations were similar, 
except with marginally lower variability.

 Conclusion: Absolute values and reproducibility of CT perfusion param-
eters were markedly infl uenced by motion and data ac-
quisition time. PS, in particular, probably requires data 
acquisition beyond a single breath hold, for which motion-
correction techniques are likely necessary.

 q  RSNA, 2011
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 Patients with solid liver lesions were 
eligible for participation. Further details 
of the patient inclusion and exclusion 
criteria are presented in Appendix E1 
(online). In each patient, a single target 
lesion was identifi ed at a review of pre-
vious imaging studies by a radiologist 
(C.S.N., with more than 10 years expe-
rience interpreting CT studies). Target 
lesions were required to be well demar-
cated contrast-enhancing solid masses 
that were larger than 2.5 cm in the lon-
gest diameter. 

 CT Perfusion Scanning Technique 
 Patients underwent CT perfusion scan-
ning during two visits that were 2–7 days 
apart. Images were obtained by us-
ing a 16-row multidetector CT scanner 
(LightSpeed; GE Healthcare). The stud-
ies were obtained into two phases: phase 
1 (cine acquisition during a breath hold) 
and phase 2 (six further cine scans ac-
quired during free breathing) ( Fig 1  ). 
Cine scans were performed by using 
a single level of 2-cm thickness (0.5-cm 
contiguous section thickness for four 
sections, 4i mode) at the midpoint of 
the target lesion, and the images were 

the reproducibility of CT perfusion imag-
ing in human subjects ( 8,9 ) or, indeed, 
in anatomic locations that are suscep-
tible to tissue motion, such as the liver 
( 10,11 ). Studies such as the latter have 
mitigated the effects of motion by ac-
quiring data during a single breath hold, 
which is necessarily limited in duration. 
More prolonged data acquisitions have 
been used in the setting of liver tu-
mors in a few preclinical animal studies 
( 12,13 ). To the best of our knowledge, 
the effects of data acquisition beyond a 
single breath hold in liver tumors on CT 
perfusion imaging reproducibility and 
parameters have not been explored in 
clinical settings with patients. 

 Although the main interest in liver-
related perfusion studies is directed to-
ward the evaluation of focal lesions (ie, 
tumors), a parallel evaluation of normal 
liver allows complementary assessment 
of the effect of data acquisition tech-
niques and processing on CT perfusion 
parameters with mitigation of the con-
founding effects of tissue delineation and 
motion. 

 Our objectives were to assess the re-
producibility of CT perfusion measure-
ments in liver tumors and normal liver 
and the effects of motion and data ac-
quisition time on parameters. 

 Materials and Methods 

 Patients and Target Lesions 
 Our prospective study was approved by 
the institutional review board, written 
informed consent was obtained from all 
patients, and the study complied with 
Health Insurance Portability and Account-
ability Act regulations. A.G.C. is employed 
by GE (Waukesha, Wis); however, the 
other authors had full control of inclu-
sion of data and information. 

             C omputed tomographic (CT) perfu-
sion imaging is a developing tech-
nique for quantitatively evaluating 

tissue blood perfusion ( 1,2 ). CT perfu-
sion imaging is well suited to integration 
into standard CT evaluations of anatomy 
and morphology. Interest is increasing 
in the potential of CT perfusion imaging 
for use in oncologic imaging, in which 
the limitations of morphologic assess-
ments of treatment response (eg, Re-
sponse Evaluation Criteria in Solid Tu-
mors and World Health Organization 
tumor size criteria) are increasingly be-
ing recognized. These limitations are 
particularly seen with currently available 
targeted antiangiogenic drugs, which are 
typically cytostatic rather than cytotoxic 
( 3–5 ) but may have a marked antivascular 
effect. An important component in the 
development of CT perfusion imaging for 
use in making quantitative assessments 
and treatment decisions is an evaluation 
and understanding of the variability as-
sociated with its measurements. 

 The liver is an extremely common 
site for primary and metastatic malig-
nant disease ( 6 ). Primary malignancy in 
the form of hepatocellular carcinoma is 
one of the most common malignancies 
worldwide and is increasingly prevalent. 
The use and development of targeted 
antivascular therapies is gaining atten-
tion for these tumors ( 7 ). The liver is, 
therefore, an important site in which to 
develop and evaluate appropriate tech-
niques that have the potential to be used 
for diagnosis and for assessing thera-
pies; however, imaging of the liver is 
particularly susceptible to motion. Rela-
tively few clinical studies have assessed 

 Implications for Patient Care 

 The results of CT perfusion anal- n

ysis may be infl uenced by details 
of the acquisition technique. 

 Appropriate image-registration  n

techniques will aid in evaluation 
of lesions with motion. 

 Advance in Knowledge 

 The scan-rescan variability using  n

image registration techniques in 
the estimation of the CT perfu-
sion parameters blood fl ow, 
blood volume, mean transit time, 
and permeability–surface area 
product in liver tumors obtained 
in conjunction with registration 
techniques are approximately 
11.2%, 14.4%, 5.5%, and 
12.1%, respectively. 

  Published online before print  
 10.1148/radiol.11110331 Content codes:   

Radiology 2011; 260:762–770

 Abbreviations: 
 BF = blood fl ow 
 BV = blood volume 
 CV = coeffi cient of variation 
 MTT = mean transit time 
 PS = permeability–surface area product 
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 SD = standard deviation 
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mean size of the normal liver ROIs was 
450 mm 2  (range, 153–595 mm 2 ). CT per-
fusion analyses were undertaken by us-
ing the four methods described above 
( Fig 3 ) with the same set of ROIs across 
the methods. CT perfusion values for 
each method were taken as the average 
of the four levels and the ROIs on each 
section. 

 Statistical Analysis 
 A variance component analysis was per-
formed to estimate the between- and 
within-patient variations for each pa-
rameter in each method of analysis. CT 
perfusion parameters were assumed to 
follow log-normal distributions, as is typi-
cal of biologic systems, and were trans-
formed to the logarithmic scale prior to 
analyses. After each variance component 
analysis, the within-patient coeffi cient 
of variation (CV) was calculated by using 
the following equation: within-patient 
CV =  wSD 1e  , where SD w  is the within-
patient standard deviation (SD), which 
is the square root of the within-patient 
variation. The 95% confi dence interval 
of the within-patient CV was calculated 
on the basis of the confi dence interval of 
the within-patient SD. 

 The following Bland-Altman summary 
statistics of the differences between vis-
its 1 and 2 were also calculated: means 
and SDs of the differences, limits of agree-
ment, within-patient SD, repeatability 
coeffi cient, and the signifi cant change 

bined phase 1 and 2 data, we selected 
images from phase 2 that anatomically 
matched images in the phase 1 data set. 
Matching of phase 2 images was under-
taken by manual (phase 2 man ) or rigid 
(phase 2 reg ) registration. The best-matched 
set of six phase 2 images from each phase 
2 group were added to the phase 1 data 
sets, and perfusion analysis was repeated 
for the resulting combined phase 1 and 
2 data sets (combined phase 1 all  and 2 man  
or combined phase 1 reg  and 2 reg ) ( Fig 2b )  . 
The analyses performed are summarized 
in the fl owchart in  Figure 3  . Details of 
the registration techniques used, which 
we developed based on previously de-
scribed techniques, and the CT perfu-
sion analyses undertaken are presented 
in Appendix E1 (online). 

 The median longitudinal diameter 
of the tumors was 4.7 cm (range, 2.8–
5.6 cm), and the median size of the tu-
mor ROIs was 1468 mm 2  (range, 575–
2520 mm 2 ). 

 Normal liver.—  Parallel analyses were 
undertaken for normal liver parenchy-
ma on associated CT sections. Circular 
or oval ROIs were delineated in normal 
liver regions; these ROIs were as large 
as possible and placed to avoid vessels 
and artifacts. We delineated two nor-
mal liver ROIs on each of the four sec-
tions where possible (C.S.N.). The sizes 
and locations of ROIs used for visits 1 
and 2 were compared on a section-by-
section basis to ensure similarity. The 

reconstructed every half second. Fur-
ther details of the CT perfusion scan-
ning technique are presented in Appen-
dix E1 (online). 

 For visit 2 repeat scans, we used ref-
erence images from the baseline (visit 1) 
scans to image the same location and 
used identical technical parameters for 
the pairs of scans. 

 CT Perfusion Analysis 
 Liver tumors.—  The images were analyzed 
by using commercially available CT per-
fusion software on a workstation (CT 
Perfusion 4, version 4.3.1, Advantage 
Windows 4.4; GE Healthcare) to gener-
ate mean blood fl ow (BF), mean blood 
volume (BV), mean transit time (MTT), 
and permeability–surface area product 
(PS). We used the liver protocol of the 
vendor software, which uses a dual vascu-
lar input algorithm. Regions of interest 
(ROIs) were placed in the aorta and in 
the portal vein on the source images to 
provide these vascular inputs (C.S.N.) 
( Fig 2a  ). Mean ROI sizes for aortic and 
portal vein inputs were 25 mm 2  (range, 
10–75 mm 2 ) and 24 mm 2  (range, 11–46 
mm 2 ), respectively. 

 We initially analyzed the phase 1 
data alone and then the combined phase 
1 and phase 2 data. Phase 1 data alone 
were analyzed in two ways: phase 1 all , in 
which all the cine data were used, and 
phase 1 reg , in which rigidly registered im-
ages were used. For analysis of the com-

 Figure 1 

  
  Figure 1:  Schematic of CT perfusion protocol and imaging time points. Dashed lines = a patient’s breathing, blue areas = portions matched 
and/or registered in anatomic location, red line = arterial input function  (AIF) , rectangles = cine scanning during free breathing,  T 

1
   = start of 

aortic density rise (preenhancement time),  t 
1
 –t 

6
   = times associated with matching images in each cine data set.   
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for an individual patient ( 14 ). Statistical 
analysis was performed with SAS version 
9 software (SAS Institute, Cary, NC); 
and data plotting, with  S -Plus 7 software 
(Insightful, Seattle, Wash). 

 Results 

 Patients and Target Lesions 
 In total, 10 patients were enrolled. Two 
patients were excluded because of tech-
nical errors in CT perfusion acquisition 
at one of their visits. One patient was 
excluded because a portal vein input 
could not be delineated. Two of the seven 
remaining patients had two lesions each, 
resulting in nine lesions with evaluable 
imaging data. 

 The mean age of the seven patients 
was 58.1 years (range, 47.9–72.2 years). 
There were four men (mean age, 54.8 
years; range, 47.9–64.1 years) and three 
women (mean age, 62.5 years; range, 
55.0–72.2 years). The primary tumors 
were melanoma ( n  = 2), neuroendocrine 
( n  = 2), lung ( n  = 2), and sarcoma ( n  = 1). 
The median interval between visits 1 and 
2 was 2 days (range, 2–7 days). 

 Liver Tumors 
 For liver tumors, the reproducibility (vari-
ability) in CT perfusion parameters was 
affected by the methods of analyses. 
When using the phase 1 breath-hold CT 
perfusion data as originally acquired (ie, 
phase 1 all ), the mean within-patient CVs 
for BF, BV, MTT, and PS were 19.1%, 
24.2%, 5.0%, and 45.5%, respectively. 
This represents the variability that one 
might expect when using single breath-
hold data and the currently available 
vendor software. The addition of phase 
2 data (whether rigidly or manually reg-
istered) to phase 1 data reduced within-
patient CVs for PS to the range of 11.2%–
12.1%, compared with 31.3%–45.5% 
for data sets based on phase 1 data only 
( Table 1  ). Comparing the two methods 
for incorporating the phase 2 data, 
the use of rigidly registered phase 2 
data noticeably improved the repro-
ducibility of BF and BV (within-patient 
CVs of 11.2% and 14.4%, respectively) 
compared with manually registered 
data (within-patient CVs of 22.2% and 

 Figure 2 

  
  Figure 2:  Images and data from a 55-year-old woman with metastatic neuroendocrine carcinoma of the 
liver.  (a)  Time-intensity curves for aortic (upper blue line), portal vein (lower blue line), liver tumor (green 
line), and normal liver (purple lines) profi les.  ms  = milliseconds.  (b)  BF, BV, MTT, and PS parametric maps for 
combined phases 1 

reg 
 and 2 

reg 
. Purple lines = outlines of ROIs.   
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to 21%). Absolute values for BF and BV 
for methods which included both phase 
1 and phase 2 data were generally mar-
ginally smaller than those for methods 
using phase 1 data only ( Table 1 ). 

 Parameters for liver tumors for visit 
1 versus visit 2 for two representative 
analytical methods (phase 1 all ; combined 
phases 1 reg  and 2 reg ) are presented in 
 Figure 4  . The 95% limits of agreement, 
repeatability coeffi cients, and signifi cant 
change for an individual patient by pa-
rameter for these two methods are pre-
sented in  Table 2  . Bland-Altman plots 
for these corresponding methods are 
presented in  Figure 5  , which shows 
no systematic trend in the data and 
smaller parameter differences for reg-
istered data. 

 Normal Liver 
 For normal liver, the reproducibility (vari-
ability) in CT perfusion parameters was 
affected by the method of analysis. When 
using phase 1 all , the mean within-patient 
CVs for BF, BV, MTT, and PS were 
13.0%, 15.0%, 6.9%, and 39.3%, re-
spectively. The addition of phase 2 data 

27.0%, respectively). Reproducibilities 
for MTT and PS for these two phase 
2 registration methods were compara-
ble, with within-patient CVs for MTT of 
5.2%–5.5% and for PS of 11.2%–12.1%. 
Overall, the best reproducibility (low-
est variability) was obtained with rig-
idly registered phases 1 and 2 data 
(ie, combined phases 1 reg  and 2 reg ), with 
within-patient CVs for BF, BV, MTT, and 
PS of 11.2%, 14.4%, 5.5%, and 12.1%, 
respectively. 

 The absolute values of CT perfusion 
parameters were also affected by the 
method of analysis. The addition of phase 
2 data to phase 1 data more than dou-
bled the absolute PS values, with medi-
ans of 63.3–65.1 mL/min/100 g com-
pared with 27.3–29.1 mL/min/100 g for 
analyses based on phase 1 data only 
(a difference of up to 138%) ( Table 1 ). 
Absolute BF, BV, and MTT values also 
varied with the method of analysis: BF 
varied from 177.8 to 197.9 mL/min/100 g 
(a difference of up to 11%), BV varied 
from 16.8 to 20.7 mL/100 g (a difference 
of up to 23%), and MTT varied from 
7.6 to 9.2 seconds (a difference of up 

 Figure 3 

  
  Figure 3:  Flowchart of analytical procedures.  CTp  = CT perfusion.   
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hold; phase 1 all  and 2 man  data can be 
compared with acquired data beyond a 
single breath hold, but in which motion-
correction capabilities are not available 
(which is the situation in the currently 
available perfusion software used in our 
study); phase 1 reg  data can be compared 
with acquired data limited to a single 
breath hold, but in which motion cor-
rection is available; and phase 1 reg  and 
2 reg  data can be compared with motion-
corrected data beyond a single breath 
hold. 

 For the analysis of tumors, the ad-
dition of phase 2 data to phase 1 data, 
whether manually or rigidly registered, 
markedly reduced within-patient CVs 
for PS to 11.2%–12.1% (from 31.3%–
45.5%). This suggests that estimates of 
PS are more reliable with inclusion of 
data beyond a single breath hold. This 
is in concordance with theoretical con-
siderations and previous work ( 16,17 ). 
Of the two registration methods used for 
phase 2 data, rigid registration yielded 
lower within-patient CVs by approxi-
mately one-half compared with manual 
registration for BF and BV (with rela-
tively little effect on the reproducibility 
for MTT and PS). The superior anatomic 
alignment achieved with rigid rather 
than manual registration is probably 
a major contributing factor. In com-
parison, the addition of phase 2 data, 
whether man ually or rigidly registered, 
yielded essentially the same effects on 
PS values, suggesting that, for this pa-
rameter, the need for prolonged data 
acquisition outweighs the need for good 
registration. 

 Our results for tumor evaluation in-
dicated that the analytical method used 
affected not just the reproducibility of 
the parameter measurements but also 
the absolute values of the parameters. 
For example, combined phase 1 reg  and 
2 reg  data yielded PSs that were more 
than double those of phase 1 only meth-
ods (63.3–65.1 mL/min/100 g vs 27.3–
29.1 mL/min/100 g); while BF and BV 
values were marginally lower. Absolute 
BF and BV values were higher for com-
bined phase 1 all  and 2 man  data than for 
combined phase 1 reg  and 2 reg  data, prob-
ably because delineation of lesion bound-
aries is compromised in the presence 

methods were smaller for normal liver 
than for tumors ( Tables 1, 3 ). 

 Parameters for normal liver for 
visit 1 versus visit 2 for two representa-
tive analytical methods (ie, phase 1 all ; com-
bined phases 1 reg  and 2 reg ) are presented 
in  Figure 6  , which shows more horizon-
tal pairing of data for the latter and the 
global differences in absolute values be-
tween these analytical methods. 

 Discussion   

 We have sought in this work to assess the 
effects of motion correction and data 
collection beyond a single breath hold 
on CT perfusion reproducibility in the 
liver. As part of our evaluation, we in-
cluded analyses of single breath-hold 
data with and without more-prolonged 
data and with and without formal mo-
tion correction to allow comparison not 
only across our own fi ndings, but also 
with other data that might be acquired 
and analyzed in these ways. Specifi cally, 
phase 1 all  data can be compared with 
acquired data limited to a single breath 

 Figure 4 

  
  Figure 4:  Graphs show changes in CT perfusion parameters in liver tumors between visits 1 and 2 for 
 (a)  phase 1 

all
  and  (b)  combined phase 1 

reg
  and 2 

reg
  analytical methods.   

(whether rigidly or manually registered) 
to phase 1 data reduced within-patient 
CVs for PS to the range of 7.3%–8.1%, 
compared with 39.3%–40.0% for data sets 
based on phase 1 data only ( Table 3  ). 
Comparing the analytical methods, in-
cluding the two methods for incorporat-
ing the phase 2 data, the lowest overall 
variability was with combined phases 
1 reg  and 2 reg , with within-patient CVs for 
BF, BV, MTT, and PS of 7.5%, 10.1%, 
4.2%, and 7.3%, respectively. These 
within-patient CVs were slightly smaller 
than corresponding values for tumors us-
ing the analytical method with the lowest 
overall variability, which was also com-
bined phases 1 reg  and 2 reg . 

 The absolute values of CT perfusion 
parameters were also affected by the 
methods of analysis. The addition of phase 
2 data to phase 1 data resulted in an ap-
proximate doubling of PSs ( Table 3 ). BF, 
BV, and MTT also varied by the method 
of analysis, with differences in absolute 
values for BF of up to 6%, for BV of up 
to 19%, and for MTT of up to 10%. Of 
note, differences across the analytical 
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CVs for PS to 7.3%–8.1% (from 39.3%–
40.0%), as it did for tumors. Of the two 
registration methods used for phase 2 
data, rigid registration yielded margin-
ally lower overall within-patient CVs than 
did manual registration, but this was not 
as pronounced as for the corresponding 
analyses for tumors. This suggests that 
anatomic alignment is not as critical in 
analysis of normal liver as for tumors; 
this might be expected since, unlike for 
tumors, ROI delineation of normal liver, 
which would be expected to be a rela-
tively homogenous tissue, does not de-
pend on precisely delineating lesion bor-
ders and margins. As with the analysis 
of tumors, absolute CT perfusion values 
were affected by the method of analy-
sis. Specifi cally, the addition of phase 
2 data to phase 1 data approximately 
doubled PSs (78.9–84.8 mL/min/100 g 
vs 34.8–41.6 mL/min/100 g), as it did 
for tumors. 

 Comparison of the overall variability 
for well-registered data sets (ie, com-
bined phases 1 reg  and 2 reg ) between tu-
mors and normal liver indicate that 
within-patient CVs for all CT perfusion 
parameters were marginally lower for 
normal liver than for tumors, with within-
patient CVs for BF, BV, MTT, and PS 
of 7.5%, 10.1%, 4.2%, and 7.3%, re-
spectively, for normal liver, compared 
with 11.2%, 14.4%, 5.5%, and 12.1%, 

 For the corresponding analysis of nor-
mal liver, the addition of phase 2 data 
to phase 1 data reduced within-patient 

of motion. This is exacerbated by the 
relative hyperperfusion in the periphery 
of tumors that is typically seen. 

 Table 2 

 95% Limits of Agreement and Repeatability of Tumor BF, BV, MTT, and PS Measurements for Nine Liver Tumors for Two 
Analytical Methods 

CT Perfusion Parameter Mean Difference SD of Difference
95% Lower Limit 
of Agreement * 

95% Upper Limit 
of Agreement * Within-Patient SD

Repeatability 
Coeffi cient  †  

Signifi cant Change for an 
Individual Patient (%)  ‡  

Phase 1 all 

BF (mL/min/100 g)  2 4.0 37.9  2 78.2 70.2 26.8 74.2 29.1
BV (mL/100 g)  2 2.5 8.2  2 18.5 13.5 5.8 16.0 37.3
MTT (sec)  2 0.1 0.7  2 1.4 1.3 0.5 1.4 7.4
PS (mL/min/100 g) 8.1 13.7  2 18.7 34.9 9.7 26.8 73.0

Combined Phases 1 reg  and 2 reg 

BF (mL/min/100 g)  2 2.4 24.4  2 50.1 45.4 17.2 47.7 16.8
BV (mL/100 g)  2 0.8 3.9  2 8.4 6.8 2.7 7.6 21.7
MTT (sec) 0.2 0.6  2 1.0 1.5 0.4 1.2 8.1
PS (mL/min/100 g)  2 0.8 7.4  2 15.3 13.8 5.3 14.6 18.2

* Mean difference   plus or minus 1.96 times the SD of difference for upper or lower limit, respectively.

 †  1.96  3  2    3  within-patient SD.

 ‡  Signifi cant change at the 5% level for an individual patient = the upper limit of the 95% confi dence interval of the within-patient CV (ie, if the second measurement differs from the fi rst measurement 
beyond this limit, then the difference between the two measurements is signifi cant) ( 15 ).

 Figure 5 

  
  Figure 5:  Bland-Altman plots of CT perfusion data from analyses of  (a)  phase 1 

all
  and  (b)  combined phase 

1 
reg

  and 2 
reg

 . Dashed lines = mean  6  (1.96 · SD); subscripts 1 and 2 = visits 1 and 2, respectively.   
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respectively, for tumor. This suggests, 
as above, that delineation of ROIs for 
normal liver has less of an effect on CT 
perfusion values than for tumors, as 
might be expected because of the rela-
tive homogeneity of normal liver paren-
chyma. Evaluation of normal liver effec-
tively removed the confounding effect 
of motion and tissue ROI delineation; 
the variability observed for normal liver 
may represent the lower limits of what 
might be achievable with our current 
techniques. 

 Comparatively few studies, preclinical 
or clinical, have assessed the reproduc-
ibility of CT perfusion measurements 
( 13,14,18,19 ). Our results with our well-
registered data are comparable with those 
of these studies, most of which have 
been undertaken for lesions in relatively 
motion-free locations. It should be noted 
that a high degree of correlation between 
repeat measures, as reported in one study 
( 10 ), does not necessarily indicate good 
reproducibility of the parameter mea-
surements ( 20 ). 
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 We acknowledge several limitations 
of our study. First, the number of pa-
tients in our study was relatively small. 
We also made a general assumption that 
the patients’ tumors did not change sub-
stantially within the scan-rescan inter-
val of 2–7 days. It could be considered 
that it may have been better to obtain 
immediately sequential scans during the 
same visit, as undertaken in the ani-
mal studies cited ( 13,18,21 ), but there 
is then the possible confounding factor 
of residual intravenous contrast medium. 
Also, the imposition of a delay of a few 
days between scan and rescan visits more 
closely simulates the clinical pre- and 
posttreatment scenario in which these 
evaluations would typically be used. 

 Additionally, our study had some sub-
jective aspects, such as the drawing 
of tumor ROIs. Some investigators have 
used identical ROIs between paired data 
sets ( 19 ), but this requires anatom-
ically identical data sets, which may 
not be reliably achieved on different vis-
its, particularly in lesions susceptible to 

 Figure 6 

  
  Figure 6:  Graphs show changes in CT perfusion parameters in normal liver between visits 1 and 2 for 
 (a)  phase 1 

all
  and  (b)  combined phase 1 

reg
  and 2 

reg
  analytical methods.   
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motion. Our determination of cutoff 
points for motion in phase 1 images and 
manual selection of visually matching 
phase 2 images also carried a degree 
of subjectivity. We made an assumption 
that our data were log-normally distrib-
uted but, given the small number of pa-
tients, were not able to fully substantiate 
this; however, similar previous analyses, 
as above, have made the same general 
assumption. 

 Finally, newer CT scanners have the 
capability for more extensive cine cov-
erage than our 20 mm, which would allow 
integration of a larger volume of tissue, 
which may help reduce overall noise asso-
ciated with section-to-section variations 
in parameter estimates. They may also 
help to increase the number of evaluable 
patients by enabling better recovery of 
images affected by motion and better 
opportunity to capture adequate portal 
vein input functions. We assessed scans 
from a single CT vendor. Other vendors 
have implemented image registration al-
gorithms in their CT perfusion products 
that use different perfusion models, and 
thus, our results might not be the same 
on other machines. 

 In summary, the absolute values and 
reproducibility of CT perfusion param-
eters when imaging liver tumors can be 
infl uenced by motion and data acquisi-
tion time; motion has a smaller effect 
on normal liver assessments than those 
of liver tumor. Reliable estimation of 
PS, in particular, probably requires data 
acquisition beyond a single breath hold. 
The least variability, or best reproduc-
ibility, in estimations of BF, BV, MTT, 
and PS is obtained by applying formal 
motion correction (ie, image registra-
tion) to combined phase 1 and phase 
2 image data. The absolute perfusion 
values obtained from CT perfusion data 
need to be interpreted with careful atten-
tion to acquisition protocols and ana-
lytical methods. Further work is re-
quired to develop optimum acquisition 
and motion-correction protocols for CT 
perfusion imaging. 
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