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Abstract
Objectives  To estimate radiation dose and the associated risk of secondary cancer risk related to percutaneous cryoablation 
(PCA) and follow-up imaging in a cohort of patients treated for small renal masses (SRMs).
Methods  A total of 149 patients underwent PCA for a SRM at our institution. Based on CT dose reports, we calculated the 
mean effective dose for a CT-guided PCA procedure and post-ablative follow-up CT. Applying follow-up recommendations 
by a multidisciplinary expert panel, we calculated the total radiation dose for the PCA procedure and the CT surveillance 
program corresponding to a minimal and preferable follow-up regime (5-year vs 10-year). Estimates of the lifetime attribut-
able cancer risk for different age groups were calculated based on the cumulative effective dose based on the latest BEIR 
VII report.
Results  Total dose for the PCA treatment and follow-up CTs amounted to 174 and 294 mSv for a minimal and preferable 
protocol, respectively. Follow-up CTs accounted for the majority of the total effective dose for the minimal and preferable 
protocol (89% vs 94%). CT fluoroscopy contributed only to a limited amount of the total radiation dose for the minimal and 
preferable protocol (1.8% vs 1.1%). A 70-year-old male undergoing PCA treatment has a lifetime attributable cancer risk of 
0.8% (1 in 131) when completing the preferable follow-up protocol. The same regimen in a 30-year-old female results in a 
lifetime attributable risk of cancer of 3.4% (1 in 29).
Conclusion  Radiation dose and the associated risk of secondary cancer are high for patients with SRMs undergoing PCA and 
post-ablative follow-up imaging in particular in younger patients. Radiation exposure in the PCA procedure itself accounts 
for only a limited amount of the total radiation. Radiologists and clinicians must strive to implement radiation dose saving 
measures especially with respect to the follow-up regime.
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Abbreviations
SRM	� Small renal mass
PTA	� Percutaneous thermal ablation

PCA	� Percutaneous cryoablation
RM	� Renal mass
DLP	� Dose-length product
LAR	� Lifetime attributable risk
ALARA​	� As low as reasonably achievable
AS	� Active surveillance

Introduction

The widespread utilization of cross-sectional imaging has 
contributed to a greater detection of incidental small renal 
masses (SRMs), defined as a renal neoplasm 4 cm or less 
in greatest dimension, corresponding to WHO stage of T1a 
[1]. Hence, more SRMs are diagnosed at an earlier stage, 
and consequently the treatment strategy in many patients 
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has shifted from radical nephrectomy to a nephron-sparing 
approach such as partial nephrectomy or image-guided per-
cutaneous thermal ablation (PTA).

Additionally, active surveillance (AS) for select patients 
has increasingly been utilized.

Until recently PTA was reserved to mainly elderly patients 
who due to significant comorbidities were poor surgical can-
didates or had a short life expectancy. Recent studies report-
ing on outcomes after percutaneous cryoablation (PCA) for 
cT1 renal cell carcinomas find PCA to be competitive with 
surgical resection and with a lower complication rate [2, 3]. 
Thus, PCA is expected to play an important role in the future 
management of SRMs, and guidelines are likely to include 
PCA as a viable treatment modality for SRMs. In contrast 
to surgical resection, where the initial success of the treat-
ment can be assessed by evaluating the surgical margins, the 
success of PCA is based on the appearance of the ablation 
zone on initial follow-up imaging [4]. Imaging surveillance 
plays a critical role not only for ascertaining residual/persis-
tent disease, but also for detecting recurrent disease where 
salvage PCA often can be performed with good results [5].

Currently, there are no well-established guidelines across 
radiological and urological associations in terms of follow-
up regime or biomarkers for PTA-treated SRMs. Nonethe-
less, an international multidisciplinary consensus project 
based on the Delphi method has provided recommendations 
for follow-up of focal therapy in renal masses (RMs) [6]. CT 
is the first-choice modality as well as the number one option 
for PCA procedural image-guidance. However, serial use of 
CT remains contentious because of the radiation-induced 
risk of secondary cancer [7]. Secondary malignancy due 
to ionizing radiation incurred as part of a PCA regime for 
SRMs has only been scarcely investigated and is becoming 
increasingly relevant with broadening PCA indication.

Thus, the present study aims to estimate the total radiation 
dose, as well as the size of its subcomponents, in patients 
with SRMs undergoing PCA and follow-up according to 
aforementioned recommendations; moreover, to estimate 
the risk of secondary malignancy.

Materials and methods

This study was approved by the hospital Institutional Review 
Board and because electronic medical patient records were 
not assessed, requirements for formal patient informed con-
sent were waived.

Patient population

The study population consisted of consecutively enrolled 
patients (n = 149) undergoing PCA for a biopsy confirmed 
SRM at Aarhus University Hospital, Denmark in the period 

from 2016 to 2018. All patients were identified in a pro-
spectively registered database. Patient demographics, tumor 
characteristics and procedural data are shown in detail in 
Table 1. 

Follow‑up recommendations after focal therapy of renal 
masses

A consensus project based on the Delphi method was con-
ducted in 2015 and involved an international multidiscipli-
nary panel of 76 experts which formulated recommenda-
tions for key topics regarding follow-up after focal therapy 
of renal masses (hereafter Delphi follow-up) [6]. These key 
topics addressed questions regarding imaging follow-up 
including intervals, imaging modality, and assessment of 
metastases (Table 2). Based on these recommendations, the 
number of CTs of the abdomen and thorax needed for a 
minimal and preferable follow-up protocol for focal therapy 
of RMs can be determined. This amounts to 5 and 7 vs 10 
and 12 CTs of the abdomen and thorax for the minimal and 
preferable protocol, respectively.

Percutaneous renal cryoablation procedure

A Siemens SOMATOM Definition AS CT system was used 
in the scanner suite alongside a BTG system (BTG, London, 
UK) for cryoablation. The procedure was performed by one 
of four radiologists with between 1 and 10 years of dedicated 

Table 1   Characteristics of patients, tumors and procedural data 
(n = 149)

Mean age (year, ± SD) 65.3, ± 10.9
Gender (%)
 Male 101 (67%)
 Female 48 (33%)

Mean height (cm, ± SD) 173.9, ± 9.5
Mean weight (kg, ± SD) 84.6, ± 18.7
Mean BMI (kg/m2, ± SD) 27.9, ± 5.6
Tumor type (%)
 Clear cell carcinoma 90 (60%)
 Papillary cell carcinoma 48 (32%)
 Chromophobe cell carcinoma 7 (5%)
 Spindle cell carcinoma 2 (1%)
 Oncocytoma 1 (1%)
 Non-representative biopsy 1 (1%)

Mean tumor diameter (mm, ± SD) 24.3, 8.9 mm
Tumor laterality (%)
 Right 72/149 (48%)
 Left 77/149 (52%)

Hydrodissection performed 70/149 (47%)
Number of cryoprobes (no, ± SD) 3.2, ± 1.4
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ablation experience. During the procedure, patients were in 
general anesthesia, and in a prone-oblique position.

For planning and target facilitation, a contrast-enhanced 
triple-phase CT scan of the kidneys was conducted. If 
needed, an intraprocedural coaxial biopsy of the tumor was 
performed using an 18-gauge semiautomatic needle prior 
to cryoprobe placement. Real-time CT fluoroscopy was 
used to guide needle placement. The number and type of 
cryoprobes were determined by the attending radiologist. 
If necessary, hydrodissection with sterile saline was carried 
out to displace thermally sensitive structures. At the discre-
tion of the attending radiologist, truncated helical acquisi-
tions covering the RM were acquired during placement of 
cryoprobes to confirm their position. In all cases truncated 
helical acquisitions for monitoring of the size and location of 
the ice ball were performed during two treatment cycles of 
freeze–thaw treatment (in general 10 min freeze, 8 min thaw, 
10 min freeze) at 4-min intervals for a total of four acqui-
sitions to confirm extension of the ice ball at least 5 mm 
beyond the tumor margin. The duration of each cycle and 
the power of each probe could be adjusted as to prevent adja-
cent vulnerable organ injury or inadequate ice ball coverage. 
Fluoroscopy was conducted as sequential scans at 5.0 mm 
slice thickness with 120 kV and a starting point of 40 mAs, 
which could be increased according to patient size. Images 
for the triple-phase CT were obtained as helical acquisi-
tions at 2.0 mm slice thickness using standard CT technique 
(120 kV peak and approximately 200 mAs) with dose modu-
lation using automatic exposure control. The same param-
eters were used in addition to a current of 150 mAs for the 
truncated CT acquisitions.

Post treatment follow‑up

At the authors’ institution follow-up imaging after PCA 
is conducted with CT as first-choice modality. Residual/

persistent disease is defined as the presence of any radio-
logical enhancement at 3 months radiological follow-up, and 
recurrence as a new (after a period of non-enhancement) 
enhancing or growing lesion, inside or in the margin of the 
ablated zone [6]. Patients were scanned across four different 
CT scanners, each with at least 64 detector rows and with 
dose modulation using automatic exposure control provided 
by the vendor (Supplementary Table 1). The same scanning 
protocol for each CT scanner was consistently used in both 
the initial follow-up scan at three months as well as in all 
subsequent. All protocols consisted of helical acquisitions 
performed before, and after intravenous administration of 
low-osmolar iodinated contrast material injected at a rate of 
4 mL/s to obtain images in the corticomedullary and nephro-
graphic phase. Reconstructions with a 2.0 mm slice width 
were generated.

Thus scans were performed in accordance with Del-
phi recommendations with the notable exception that we 
employed a limited scan range covering the kidneys.

As part of the diagnostic workup at our institution a base-
line CT of the thorax is performed. However, due to the low 
risk of metastatic disease we have not routinely performed 
CT thorax as part of the follow-up. Thus, for the purposes 
of this study, we used data from the US CT Dose Index 
Registry including diagnostic reference levels and achiev-
able doses based on a CT thorax with IV contrast in 111,898 
patients [8].

Dose estimations

Dose-length product (DLP) from the dose protocol page 
stored in our PACS system was retrieved for all 149 patients.

Radiation dose data registered as part of the CT scan 
performed during the cryoablation procedure were divided 
into three components: triple-phase planning CT, truncated 
helical acquisitions, and CT fluoroscopy.

Table 2   Summary of 
recommendations for follow-up 
schedules following focal 
therapy for RMs according to an 
international multidisciplinary 
Delphi consensus project

Follow-up interval
Minimum follow-up period of five years, preferably extended to 10 years
First FU imaging at three months post-treatment
A minimum of two imaging studies in the first year
Biannual imaging in the second year
Annual imaging from the third year onwards
Strongly advised not to skip on the minimum recommended number of imaging studies
Imaging modalities
First option
3-phase CT scan (non-enhanced, arterial and nephrographic/corticomedullary), slice thickness ≤ 3 mm, 

IVP phase (delayed phase) advised if suspicion of urinary tract involvement or hydronephrosis
Second option
MRI with multiparametric protocol including at least: T1, T2, DWI, DCE
In case of CKD 4/5 non-contrast-enhanced MRI or CEUS
Follow-up of metastases
Annual examination for pulmonary metastasis, using thorax CT
Besides thorax and abdomen, no other routine imaging for distant metastases
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Average DLP for patients was calculated for the three 
components for the PCA procedure and the follow-up 
CT. The DLP (= 374 mGy cm) for the 50th percentile for 
achievable dose of a thorax CT with IV contrast from the 
US CT Dose Index Registry was used as an estimate of 
average patient DLP for this analysis. Effective dose was 
estimated by multiplying the DLP with a conversion fac-
tor of 0.018 mSv/mGy cm [9]. Assuming that patients are 
compliant with postprocedural follow-up estimations were 
made of the cumulative radiation exposure of each theoreti-
cal follow-up protocol.

Furthermore, the association between patient BMI and 
DLP of the CT upper abdomen was assessed by Pearson 
correlation analysis.

Estimating radiation‑induced cancer risk

The BEIR VII model is a method to estimate the risk of 
radiation exposure-associated solid organ malignancy or leu-
kemia secondary due to CT scans. It is based primarily on 
epidemiologic studies of survivors of the atomic bombings 
in Hiroshima and Nagasaki, and on studies of individuals 
with occupational and medical exposures to radiation. The 
number of additional cases of cancer attributable to a sin-
gle dose of 0.1 Gy (100 mSv) is estimated for different age 
groups, and data are based on the incidence of all cancer 
types. As a non-threshold model it allows estimation of a 
quantitative risk of cancer that is directly proportional to the 
dose received and is additive [10].

For assessment of lifetime attributable risk (LAR) of con-
tracting a cancer due to CT radiation exposure, we used a 
calculator endorsed by the American College of Radiology 

[11]. This calculator is based on the BEIR VII report model 
incorporating age- and sex adjusted risk factors to estimate 
the risk for different age groups of patients undergoing PCA 
of a SRM.

Results

The patients evaluated (n = 149) were on average 65.3 (SD 
10.9) years and had a mean BMI of 27.9 (SD 5.6). The mean 
DLP and effective dose from the PCA procedure, follow-up 
CT of the upper abdomen and thorax CT data are listed in 
Table 3. Table 3 also shows the dose incurred by the follow-
up CTs as well as the total dose conforming to a minimal 
and preferable protocol.

The mean effective dose estimated for the PCA proce-
dure, follow-up CT of the upper abdomen and thorax CT 
was 18.1 (SD 7.8), 17.4 (SD 9.9) and 6.7 (SD unavailable) 
mSv, respectively. Marked difference in the mean cumula-
tive grand total effective dose was seen between the minimal 
and preferable protocol as the dose came close to doubling 
(69%) from 174 to 294 mSv. Furthermore, the follow-up 
CTs accounted for the majority of the total effective dose 
for the minimal and preferable protocol (89% vs 94%). In 
addition, CT fluoroscopy contributed to a small part (18%) 
of the radiation due to the PCA procedure seen in isolation 
as well as a limited amount of the total radiation dose for the 
minimal and preferable protocol (1.8% vs 1.1%).

The additional cancer risks for different age groups are 
illustrated in Fig. 1. For a 70-year-old male a LAR for the 
minimal and preferable follow-up protocol was 0.5% (1 in 
208) and 0.8% (1 in 131), respectively, whereas the LAR 

Table 3   Summary of the mean 
DLP and effective dose from 
the PCA procedure (n = 149 
procedures), follow-up CT 
upper abdomen (n = 149 CTs) 
and thorax CT

Radiation dose from the CTs from the follow-up protocols and total radiation incurred by undergoing PCA 
are shown as well

Dose-length product 
(mGycm) (SD)

Effective dose (mSv) (SD)

Cryoablation
 Total 1008 (434) 18.1 (7.8)
 Planning (43%) 428 (187) 7.7 (3.4)
 Fluoroscopy (18%) 179 (142) 3.2 (2.6)
 Truncated (38%) 378 (212) 6.8 (3.8)

Follow-up CT
 CT upper abdomen 968 (550) 17.4 (9.9)
 CT thorax 374 (unavailable) 6.7 (unavailable)

Follow-up CTs
 Minimal protocol (CT upper abdomen 79%) 155
 Preferable protocol (CT upper abdomen 76%) 276

Total radiation dose (PCA + follow-up CTs)
 Minimal protocol 174
 Preferable protocol 294
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for a 40-year-old male was 1.1% (1 in 91) and 1.7% (1 in 
57), respectively. Thus, the LAR more than doubled for a 
40-year-old man undergoing PCA compared to a 70-year-
old. As expected, women had a higher LAR of cancer com-
pared with men according to the BEIR VII model where a 
30-year-old female had a LAR of 3.4% for the preferable 
protocol in comparison to 2.3% for a male, respectively. 
Moreover, as expected from the linear-quadratic BEIR VII 
model the LAR is seen approaching a linear decrease beyond 
the age of 40 years.

As anticipated, the Pearson correlation between BMI 
and DLP of the CT upper abdomen was strong (r = 0.78, 
p < 0.05).

Discussion

Based on in-house data and a well-recognized CT Dose reg-
istry we estimated the mean total radiation dose, as well as 
the size of its subcomponents, incurred in PCA treatment of 
SRMs including surveillance imaging using Delphi follow-
up recommendations. Our population had a BMI comparable 
to the US population [12], and we found a high effective 
dose of 294 mSv for the preferable follow-up regime. Radia-
tion exposure owing to the PCA procedure itself accounts 
for only a limited amount of the total radiation incurred for 
both the minimal and the more extended preferable protocol.

To put things into perspective the average effective dose 
from a chest X-ray, abdominal X-ray, CT chest, CT abdo-
men, and CT abdomen (dedicated liver) amounts to 0.1, 
0.7, 7, 8, and 15 mSv, respectively. Moreover, an individ-
ual is exposed to 3 mSv of background radiation per year, 

and as such the total radiation for the preferable protocol 
amounts to more than a lifetime exposure to background 
radiation [13].

Based on the BEIR VII model an effective dose of 
294 mSv translates into a 1:57 (1.7%) and 1:41 (2.4%) 
risk for a 40-year-old male and female, respectively, of 
developing cancer as a result of PCA treatment accord-
ing to a preferable follow-up protocol. Besides imaging 
surveillance, there are currently no available biomarkers 
that would be able to detect treatment failure or disease 
recurrence. The rationality in offering follow-up imaging 
surveillance is predicated on the assumption that early 
detection of recurrence provides greater opportunities for 
potentially curative interventions and/or allows delivery of 
systemic therapies that may be more effective in the con-
text of low-volume disease. Available treatment regimes 
in RCC accommodates these assumptions [14]. However, 
as shown in the present study the relative high radiation 
dose and risk of secondary cancer for patients undergoing 
PCA treatment questions the appropriateness of exposing 
especially younger patients to that magnitude of radiation. 
Especially in the light of the constant refinement of the 
PCA procedure where recent reports find the rate of recur-
rent disease as low as 3.2% following PCA of T1 RCC [3]. 
In the case of testicular cancer, which like T1a RCC has a 
highly favorable primary cancer prognosis, a prior study 
found that CT surveillance incurred a median cumulative 
effective dose of 125.1 mSv, which is well below our dose 
estimates for a preferable protocol. This prompted the rec-
ommendation that every effort should be made to develop 
low-dose CT or alternatives to limiting ionizing radiation 
in this patient group [15].

Fig. 1   Estimated lifetime attrib-
utable risk of secondary malig-
nancy when conducting PCA 
of a SRM in combination with 
each theoretical follow-up pro-
tocol stratified according to age. 
Red and green; minimal and 
preferable protocol for males, 
respectively. Blue and yellow; 
minimal and preferable protocol 
for females, respectively
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The benefits of primary surgery in terms of overall 
survival in the treatment of SRMs in younger patients 
(< 75 years) has been firmly established [16]. When coun-
seling the patient with respect to the optimal treatment strat-
egy there are a number of parameters that must be taken into 
account, including radiation dose. As highlighted, a well-
recognized advantage of thermal ablation compared to sur-
gery is the low complication rate. In a study that estimated 
10-year cumulative radiation exposure incurred during dif-
ferent kidney cancer surveillance protocols after surgery 
found the mean cumulative incurred radiation exposure to 
be 33.6 mSv, which is close to 1/10 of the dose of the pref-
erable follow-up regime presented in this study [17]. Thus, 
when evaluating the safety and overall survival of thermal 
ablation vs. surgery, the high radiation dose incurred in 
follow-up imaging in the former is a concern. Regarding 
active surveillance in SRMs, as with follow-up imaging after 
thermal ablation, there exists no clear consensus with respect 
to imaging protocol. In both cases serial imaging is needed, 
and when employing CT a single-phase scan is sufficient 
for active surveillance which isn’t the case following ther-
mal ablation. Based on the recommendations from a recent 
review of imaging protocols for active surveillance in SRMs 
[18] and extrapolation of data from the present study the 
estimated mean dose for patients adhering to active surveil-
lance for 10 years amounts to 75 mSv.

AS is primarily an option in the group of elderly and 
infirm patients with a limited expected lifespan for whom 
comorbidity risks outweigh oncologic risks. Since it has 
been established that many radiation-induced cancers will 
not appear until more than 20 years after exposure the above 
estimated radiation dose incurred in AS seems to be of minor 
concern [19]. The evidence to support AS for SRMs in the 
young with a long-life expectancy is lacking. Nevertheless it 
has been argued that in a well-informed and reliable young 
patient with a low-risk mass for whom a period of AS pre-
sents significant value, an interval of close clinical monitor-
ing can be a safe and reasonable approach [20]. However, 
the burden of life-long annual imaging follow-up also needs 
to be taken into consideration which further questions the 
appropriateness of AS in younger patient groups.

Prior studies have evaluated the radiation dose incurred 
as part of the procedural part of PCA of RMs and found 
an effective radiation dose using CT-guided targeting in the 
range of 30–40 mSv; this is in line with the results of the 
present study [21]. Kim et al. demonstrated how PCA can be 
managed using ultrasound-guided targeting (instead of CT 
fluoroscopy) and CT-guided ice ball monitoring in combina-
tion to reduce radiation. The study found acceptable short-
term (mean 10.1 months) local tumor control for RCC with 
a mean procedural dose of 12.1 mSv [21].

Only one previous study has evaluated the radiation 
exposure of CT-guided ablation procedure as well as CT 

surveillance [22]. Prior to the publication of the Delphi 
follow-up recommendations Eisenberg et al. identified 30 
in-house CT-guided RFA cases performed for a RM and 
estimated average per-case effective dose. For estimating 
the effective dose in surveillance CT, prior data on effective 
doses for single-phase abdomino-pelvic CT scans in patients 
with testicular cancer were extrapolated to gauge the dose 
incurred in an average triple-phase post-RFA follow-up CT 
scan. The institutional follow-up CT regime of Eisenberg 
et al. encompassed 13 triple-phase CT scans over a 10-year-
period which is similar to the preferable protocol in the Del-
phi follow-up, but the authors did not incorporate thorax CT 
for assessment of lung metastases as recommended. Eisen-
berg et al. found that the mean RFA procedural effective 
dose of 27.7 mSv and the mean cumulative effective dose 
due to RFA of one tumor and follow-up CTs added up to 
305 mSv in total.

The ratio between procedural and dose of follow-up CTs 
where the latter make up the bulk of the effective dose is 
comparable with our results. The similar dose shown for the 
preferable follow-up regime in our study can at least in part 
be explained by the inclusion of thorax CT, as the average 
dose of the CT of the abdomen was lower consistent with 
our limited scan range covering the kidneys.

In terms of the PCA procedure itself our data have shown 
that fluoroscopy for cryoprobe targeting constitutes a minor 
part of the total effective dose. Taking into consideration 
that ultrasound for cryoprobe targeting is not as precise as 
CT in delineating tumor and determining the position the 
cryoprobe tip we believe that in terms of diminishing the 
dose it is more prudent to focus on reducing the number of 
phases of the planning scan as well as the number and scan 
range of truncated helical acquisitions during freezing. Fur-
thermore, Leng et al. demonstrated that it is feasible to use 
images obtained from CT acquisitions at 50% of the original 
dose level in CT monitoring of PCA [23].

The above options for dose reduction are certainly impor-
tant to consider pertaining to the “as low as reasonably 
achievable” (ALARA) principle advocated by radiological 
societies, especially for RCC patients with conditions such 
as Birt–Hogg–Dubé syndrome and von Hippel-Lindau dis-
ease who are likely to need multiple PCAs. However, our 
results show that the greatest potential impact on the grand 
total dose for a PCA treatment for both a minimal and pref-
erable protocol can be achieved by altering the follow-up 
regime.

For dose reduction purposes, beyond reducing the number 
of contrast phases and frequency of CT imaging, it is prudent 
to optimize scanning parameters such as automatic tube cur-
rent modulation. In general, larger patients require the use 
of more X-ray photons than do smaller patients to achieve 
similar levels of image quality in CT. With regards to some 
CT systems it is important that the operator-selected image 
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quality settings in relation to automatic tube current modu-
lation be adjusted to the patient’s habitus to avoid a very 
high dose in larger patients [24]. Additionally, it should be 
emphasized that follow-up imaging can be performed with-
out ionizing radiation by employing MRI. MRI should be 
considered as a substitute for CT, at least in younger patients. 
Nonetheless, it is important to note that the use of MRI is 
limited by the lack of available equipment, expertise and 
the relative high cost, and consequently may not be a viable 
option at many institutions. Conversely CT is more avail-
able, and CT equipment and protocols are continually being 
refined to reduce the radiation dose received by patients 
while aiming to maintain or improve image quality where 
especially iterative reconstruction techniques have shown 
promise [25]. In fact, even without iterative reconstruction 
CT with an approximate fivefold dose reduction has been 
shown to be non-inferior in the detection of metastatic pul-
monary nodules compared to standard dose CT [26]. Thus, 
switching to a low-dose protocol for post-ablation follow-
up for pulmonary metastasis can readily be implemented 
at no greater cost and with a resulting substantial total dose 
reduction. Interestingly, no studies have investigated whether 
low-dose CT can be used interchangeably with standard dose 
CT in the detection of post-ablation RCC recurrence. On 
the basis of our data, we believe there is a pressing need for 
studies clarifying this issue. If low-dose CT is feasible for 
this purpose it would have a major impact on the radiation 
dose incurred in SRM post-ablation follow-up.

There are limitations to this study. Our single-institution 
study may not reflect the patient populations and PCA 
practice in other institutions. Moreover, the follow-up CT 
protocols applied in our institution may not reflect practice 
elsewhere as we used follow-up CTs for estimation with a 
limited scan range covering only the kidneys. Nevertheless, 
employing scan data of abdomino-pelvic CTs would only 
have increased the mean total effective dose estimates. The 
risk calculations of secondary malignancy in the BEIR VII 
model are extrapolated from follow-up of atomic bomb sur-
vivors, and those exposed to occupational radiation which 
may not be generalizable to medical imaging. In addition, it 
is not universally accepted that the linear no-threshold model 
holds for low doses (less than 100 mSv). However, the esti-
mated radiation doses in our study for both the minimal and 
preferable protocol are well above the 100 mSv threshold, 
which is generally considered significant for cancer risk by 
the American Association of Physicists in Medicine [27, 
28]. Despite the limitations of the BEIR VII model, it cur-
rently represents the longest follow-up of patients exposed 
to low levels of radiation and is currently the favored model 
available [29].

In conclusion, the present study demonstrated that the 
mean total effective radiation dose and the associated risk 
of secondary cancer are significantly elevated for patients 

with SRMs undergoing PCA and post-ablative follow-up in 
particular in younger patients. Radiologists and clinicians 
must strive to implement radiation dose saving measures in 
the treatment and in particular the follow-up regime.
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