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ABSTRACT

BACKGROUND AND PURPOSE: Estimates of cumulative CT/CTA radiation dose based on volumetric CT dose index have raised concern
that neurological intensive care unit patient exposures may reach thresholds for deterministic skin injury. Because the accuracy of volumetric CT
dose index for this purpose in unknown, we set out to directly measure head CT and CTA peak skin dose, assess the relationship of volumetric CT
dose index to measured peak skin dose, and determine whether multiple CT/CTA exposures in typical patients in the neurological intensive care
unit produce cumulative doses approaching or exceeding single-dose deterministic thresholds for skin injury.

MATERIALS AND METHODS: In a prospective study from 2011–2013, nanoDot optical stimulated luminescence dosimeters were used to
measure head CT/CTA peak skin dose in 52 patients (28 female, 24 male; mean age, 63 years) divided equally between 2 CT scanners. Volumetric
CT dose index and dose-length product were recorded for each examination. Peak skin dose was also measured on an acrylic skull phantom in
each scanner. A 2-tailed, unpaired t test was used to compare mean patient skin doses between the 2 scanners. The measured peak skin doses
were then used to calculate cumulative peak skin dose in 4 typical patients in intensive care units who received multiple CT/CTA scans.

RESULTS: Head CT/CTA peak skin dose agreed between scanners in patients and phantoms: (scanner 1 CT/CTA: patients, 39.2 � 3.7 mGy
and 98.9 � 5.3 mGy, respectively, versus phantom, 40.0 mGy and 105.4 mGy, respectively; scanner 2 CT/CTA: patients, 42.9 � 9.4 mGy and
98.8 � 7.4 mGy, respectively, versus phantom, 37.6 mGy and 95.2 mGy, respectively). Volumetric CT dose index overestimated peak skin
dose by a factor of 1.4 –1.9 depending on examination and CT scanner. Cumulative doses in 4 patients in the intensive care unit estimated
from measured CT/CTA peak skin dose ranged from 1.9 – 4.5 Gy.

CONCLUSIONS: Directly measured radiation skin doses from head CT/CTA patient examinations are substantially lower than volumetric
CT dose index. Measured peak skin dose confirms that multiple head CT/CTA examinations in representative patients in the neurological
intensive care unit may produce cumulative doses exceeding the single-dose deterministic threshold for skin injury.

ABBREVIATIONS: CAK � cumulative air kerma; CTDIvol� volumetric CT dose index; ICU � intensive care unit; PSD � peak skin dose

Patients in the neurological intensive care unit (ICU) require

rapid, accurate head CT and CTA diagnosis and monitoring

to guide therapy of critical neurologic emergencies such as infarc-

tion and hemorrhage associated with high short-term risk of

death or severe disability.1,2 Although 1 head CT/CTA exposure

falls in the low-dose radiation range that poses no risk of deter-

ministic effects,3,4 cumulative radiation doses from multiple head

CT/CTA scans combined with angiography over 1–3 weeks in

patients in the ICU have been reported to range from 0.46 – 8.32

Gy by using equipment-displayed dose data5 and 0.22–1.8 Gy by

using dosimeters.6 These doses approach or exceed the accepted

2-Gy single-dose deterministic threshold for skin injury, above

which erythema (skin redness) and epilation (hair loss) may oc-

cur. The frequency and severity of radiation skin damage in-

creases with dose. Transient erythema and epilation may be ob-

served hours after a single exposure to 2–5 Gy and usually resolve

by 24 hours without long-term sequelae. Latent effects, typically

seen weeks after single-dose exposure to �5 Gy, may lead to per-

manent epilation and dermal atrophy or induration. Desquama-

tion, ulceration, and necrosis are typically not seen with single

doses �10 Gy.7,8 Although skin effects have been produced in a

small number of patients by a series of much higher radiation dose

exposures from conventional cerebral angiography and/or high-
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dose CT perfusion,9-15 no skin effects have been reported in the

much larger group of more typical patients in the ICU who are

exposed to multiple low-dose fractions from CT/CTA without CT

perfusion or repeated high-dose angiograms.

Volumetric CT dose index (CTDIvol), the most frequently used

dose descriptor, does not accurately represent dose to the patient. In

particular, CTDIvol has been shown to overestimate skin dose to the

head,9,10,16-18 and thus is not a reliable metric for predicting risk of

head CT/CTA radiation–induced skin injury. To estimate skin dose

for patients in the ICU exposed to multiple CT/CTA and neuroint-

erventional studies over a short period of time requires combining

doses from multiple CT/CTA scans with angiographic dose esti-

mates. We directly measured peak skin dose (PSD) from head CT/

CTA examinations and determined if multiple examination expo-

sures in typical patients in the neurological ICU result in cumulative

doses approaching or exceeding determin-

istic thresholds for skin injury.

MATERIALS AND METHODS
Institutional review board approval was

obtained for this prospective study per-

formed at the Brigham and Women’s

Hospital. Patient informed consent was

waived by the institutional review board.

Between March 2011 and June 2013, skin

dose was measured by using dosimeters

applied to 52 randomly selected patients,

and CTDIvol was recorded during head

CT/CTA examinations on 2 CT scanners

representing the most disparate architec-

tures available at our institution: a con-

ventional 40-detector CT scanner and a

320-detector conebeam CT. Doses were

measured on 26 patients scanned on scan-

ner 1 (40 detector row CT scanner; Sie-

mens Somatom Definition AS, Siemens,

Erlangen, Germany), and 26 patients on

scanner 2 (320 detector rows; Aquilion

ONE CT scanner, Toshiba Medical Sys-

tems, Tokyo, Japan). On each scanner, 13

patients received a head CTA examina-

tion, and 13 patients received a routine

head CT examination (Table 1). Scanning

protocols are given in Tables 2 and 3. A

single technologist collected examination

data on each scanner, placed the dosime-

ters on patients, and performed the scan. CT examination dose

metrics, CTDIvol, and dose-length product were also recorded for

each patient examination. The CTDIvol specified for CTA exam-

inations was defined as the sum of CTDIvol values from phases

scanning over the head only; premonitoring and monitoring

phases were not included in the calculation because these expo-

sures occur to the chest rather than the head.

Patient and phantom head sizes were determined by measuring

head thickness on CT images as the transverse anteroposterior (AP)

and lateral diameters (LAT) by using the CT console software. The

effective diameter was calculated as the square root of the product of

the anteroposterior and lateral thickness: (AP � LAT)1/2.

Study Group Skin Dose Measurement
Doses were measured with optically stimulated luminescence do-

simeters at 4 locations with respect to the surface of the patient’s

head. The same measurements were performed on the acrylic

skull phantom (Fig 1A). The optical stimulated luminescence do-

simeters used were 1 cm � 1 cm aluminum oxide– based nano-

Dots19 (Landauer, Glenwood, Illinois) and were read by using a

microStar reader (Landauer). The microStar reader was cali-

brated according to manufacturer’s user manual recommenda-

tions by using 5 control nanoDots provided with the dosimetry

system. The dosimeters were tested for reproducibility with 5 ex-

posure measurements in air at 120 kVp. They demonstrated very

good reproducibility (coefficient of variation, 0.01).

Table 1: Patient demographics by scanner
Scanner 1 (Siemens) Scanner 2 (Toshiba)

CTA Head Routine Head CTA Head Routine Head
No. of patients 13 13 13 13

Female 6 4 11 7
Male 7 9 2 6

Mean age � SD 67.6 � 11.8 60.8 � 15.6 59.3 � 13.6 63.1 � 21.6

Table 2: CT/CTA technique

Scan/Phase

Tube
Potential

(kVp)

Tube
Current
(mA)a mAseff

a

Rot.
Time
(sec)

Beam
Width
(mm) Pitch

Scan
Length
(mm)

Scanner 1
Head CT

Head 120 450 450 1 16 � 1.2 195
Head CTA

Head 120 450 450 1 16 � 1.2 156
Premonitoringb 120 182 60 0.33 1 � 10 10
Monitoringb 120 182 60 0.33 1 � 10 10
CTA head 120 342 174 0.33 20 � 0.6 0.65 180
Delayed head 120 585 450 0.5 20 � 0.6 0.65 171

Scanner 2
Head CT

Head 120 250 286 0.75 32 � 0.5 0.65 160
Helical 120 250 286 0.75 32 � 0.5 0.65 160

Head CTA
Helical 120 250 286 0.75 32 � 0.5 0.65 160
Premonitoringb 120 50 25 0.5 4 � 0.5 2
Monitoringb 120 50 25 0.5 4 � 0.5 0
Helical 120 250 196 0.5 64 � 0.5 0.64 160
Helical 120 250 196 0.5 64 � 0.5 0.64 160

Note:—mAseff indicates effective mAs; Rot., rotation.
a Tube current and mAseff were variable for Monitoring phase.
b Scan over region of chest.

Table 3: PSD and CTDIvol from head CT/CTA by scanner (mGy)
Scanner 1 Scanner 2

CTAa CT CTAa CT
Patientsb

PSD 98.9 � 5.3 39.2 � 3.7 98.8 � 7.4 42.9 � 9.4
CTDIvol 187 � 15.1 68.4 � 2.5 142 � 3.6 64.6 � 1.5

Phantom
PSD 105 40.0 95.2 37.6
CTDIvol 167 68.8 139 62.4

a CTDIvol is total of all phases exposing head.
b Dose for patient exams is given as mean � standard deviation.
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Two nanoDots were placed on the surface of the patient’s head: 1

on the forehead (Fig 1B) and 1 on the back of the head. Two nano-

Dots were also placed at locations on the head holder adjacent to the

left and right temporal bone. At these lateral locations, the dosimeters

were placed on the head holder instead of the patient’s head to avoid

disturbing the patient. Each individual patient’s PSD was specified as

the maximum of the 4 measurements.

Skin Dose Measurement Correction Factor
Skin dose was measured at both temporal locations on an acrylic

skull phantom and corresponding locations on the head holder

while using the same clinical protocols and scan parameters (Ta-

ble 2). The standard filters used provide 6.8-mm Al equivalent

filtration for scanner 1 and 4.8-mm Al equivalent filtration for

scanner 2. Tube current modulation was used for CTA, and fixed

mAs was used for routine head CT on both scanners. Detector

configuration and collimation for CTA were 20 rows � 0.6 mm

for scanner 1 and 64 rows � 0.5 mm for scanner 2. The ratio of the

skin dose measured at the temporal location of the phantom and

the dose at the corresponding location on the head holder was

used as a correction factor to estimate patient temporal skin dose

from the head holder measurements acquired during patient ex-

aminations. The mean correction factor was 1.33 � 0.10 when

averaged over all examination techniques. This factor of 1.33 was

multiplied by the dose measured at the head holder locations for

patient examinations.

Statistical Analysis
Mean, standard deviation, and coefficient of variation were cal-

culated for all doses and size measurements. Correlations were

also calculated to compare doses between patient groups and pa-

tient dose values with corresponding values on the phantom. A

2-tailed, unpaired t test was used to compare mean patient skin

doses between the 2 scanners.

Estimate of Patient Skin Dose from Neurointerventional
Imaging
Doses were measured with optical stimulated luminescence do-

simeters at the same 4 locations on the surface of the acrylic skull

phantom (Fig 1A) during 2 separate trials by using an interven-

tional x-ray fluoroscopy imaging system (Innova 3100; GE

Healthcare, Milwaukee, Wisconsin) with examination technique

factors typically used during neurointerventional imaging, pro-

ducing a total of 8 dose measurements. The maximum dose to the

phantom for each assessment was specified as the PSD of the 4

measurements. The total cumulative air kerma (CAK) was also

recorded from the imaging system display for each trial. This is

specified as the CAK at the interventional reference point.20 The

PSD to CAK ratio was calculated for each assessment.21

Predicting Patient Skin Dose for ICU Clinical Examinations
Patients in the ICU who received between 12 and 27 total CT

examinations and several cerebral angiograms over a period of

2– 4 weeks were identified. In accordance with hospital radiation

safety practice, these patients were examined for evidence of radi-

ation-induced skin injury or hair loss. PSD measurements from

the 52-patient study group were used to estimate cumulative

doses to these patients in the ICU having the same examinations.

For interventional angiography examina-

tions, the PSD to CAK ratio, together with

the total patient examination CAK, was

used to estimate the cumulative skin dose

for patients in the ICU who had previ-

ously received multiple cerebral angio-

grams. Total cumulative skin dose was

calculated by adding the PSD estimates

from CT to the skin dose estimate from

angiography.

RESULTS
The maximum optical stimulated lumines-

cence dose was measured in the forehead

location in 14 patient examinations, in the

left temporal location in 23 patient exami-

nations, in the right temporal location in 15

patient examinations, and at the back of the

head location in no patient examinations.

The mean PSD for CTA examinations

(98.9 � 5.3 mGy) and for routine head

CT examinations (39.2 � 3.7 mGy) per-

FIG 1. A, Acrylic skull phantom with nanoDots at forehead and lateral
locations. B, Patient CT image with nanoDot on forehead.

FIG 2. PSD distribution for all 52 patient examinations on both scanners. PSD was very compa-
rable between scanners for the same patient examination. On average, the PSD for CTA exam-
inations was more than twice that of routine head CT examinations. Note that 2 data points
coincide for examination 7 (head CT) and examination 12 (head CTA).
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formed on scanner 1 agreed well with PSD measured on the

acrylic head phantom: 105.4 mGy and 40.0 mGy, respectively

(Table 3). In addition, for scanner 2, the mean PSDs for CTA

examinations (98.8 � 7.4 mGy) and routine head CT examina-

tions (42.9 � 9.4 mGy) were very comparable with corresponding

phantom measurements: 95.2 mGy and 37.6 mGy, respectively.

In general, the PSD for CTA examinations was slightly more than

double that of routine head CT examinations (Fig 2). The differ-

ence in mean PSD for corresponding examinations on both scan-

ners 1 and 2 were not statistically significant (CTA examinations,

P � .97; routine head CT examinations, P � .19).

CTDIvol overestimated PSD for all patient examinations on

both scanners 1 and 2 as illustrated in Fig 3. The mean CTDIvol

was an overestimate of the PSD for all patient examinations and

phantom scans (Table 3). CTDIvol was very comparable for rou-

tine head examinations performed on both scanners; however, for

CTA examinations, the CTDIvol was approximately 24% (142/

187) lower on scanner 2 compared with scanner 1. The difference

between mean CTDIvol for scanners 1 and 2 was statistically sig-

nificant for both CTA (P � .0001) and

routine head CT (P � .0001).

Effect of Patient Head Size
The mean effective diameters were 17.4 �

0.7 cm and 16.8 � 0.8 cm for patients ex-

amined on scanners 1 and 2, respectively.

The effective diameter of the phantom

was 16.6 cm. Figure 4 demonstrates the

variation in PSD with patient size for all

52 patient examinations on both scan-

ners. On neither scanner was there a sig-

nificant correlation between PSD and pa-

tient head size for corresponding patient

examinations (scanners 1 and 2 CTA ex-

aminations, R2 � 0.0008 and R2 � 0.006,

respectively; scanners 1 and 2 routine

head CT examinations, R2 � 0.0001 and

R2 � 0.285, respectively).

Comparison of Dose Descriptors
Patient and phantom CTDIvol overesti-

mated the measured PSD for both head

CTA and head CT on average by 65%

(range, 44%– 89%). The CTDIvol to PSD

ratio ranged from 1.4 � 0.5 to 1.9 � 2.8

for the various examinations and scan-

ners. This overestimation was statistically

significant (P � .0001) (Table 3).

Skin Dose from Neurointerventional
Imaging
The PSDs measured on the surface of the

acrylic skull phantom for 2 separate as-

sessments are given in Table 4. Using the

total CAK (mGy) from each trial, the PSD

to CAK ratio was determined to be 0.45.

This is consistent with literature docu-

menting that CAK overestimates PSD.21

When the total CAK was known, the PSD to CAK ratio was used

to estimate the cumulative skin dose from patient examinations

performed on the same interventional imaging system by multi-

plying the total CAK by 0.45.

Total Patient Skin Dose from Multiple Imaging
Examinations
Table 5 provides 4 examples of patients having multiple CTA and

routine CT examinations of the head over a period of days to

weeks. These patients also had several cerebral angiograms over

the same time period. The PSD for these patients’ CT examina-

tions was calculated by multiplying the mean PSD obtained from

optical stimulated luminescence measurements by the corre-

sponding number of CTA or routine head CT examinations that

the patient received. These calculated PSDs for CT were added

to cumulative skin dose estimated from cerebral angiography

by using the phantom measurement– based conversion above.

Total cumulative skin dose ranged from 1.9 – 4.8 Gy for these

patients.

FIG 3. A, PSD and CTDIvol for all patients examined on scanner 1. B, PSD and CTDIvol for all
patients examined on scanner 2. CTDIvol overestimated PSD for all patient examinations on each
scanner for both CTA examinations and routine head CT examinations.
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Skin Effects
No evidence of radiation-induced skin injury or hair loss was

detected in any patient.

DISCUSSION
CT and CTA are effective essential diagnostic tools for managing

patients with stroke, intracranial hemorrhage, brain trauma, and

other critical neurologic conditions. Typical patients undergoing

multiple CTA and routine head CT scans, and in some cases ce-

rebral angiography, may receive cumulative doses approaching

accepted thresholds for deterministic radiation skin injuries such

as erythema and epilation. In addition, these cumulative expo-

sures may reach thresholds associated with cataract induction, a

latent deterministic effect that may occur at single doses lower

than 2 Gy.22 Importantly, the dose thresholds for these determin-

istic effects have primarily been studied in the setting of single

exposure rather than multiple exposures separated by days or

weeks. Because tissue-protective and

DNA-repair effects usually occur within

24 hours, the actual threshold for induc-

tion of deterministic injury by cumula-

tive low-dose exposures remains un-

known and may be substantially higher.8

There is compelling preclinical evidence

that biologic effects of low-dose and

low– dose rate exposures are qualita-

tively distinct from well-studied high-

dose and high– dose rate exposures.4,23

In addition, clinical experience, as in the

4 patients from the ICU whom we stud-

ied, suggests that CT radiation–induced

skin injury is very rarely observed in typ-

ical patients in the neurological ICU.

Clearly, more study of the effects of cu-

mulative CT radiation is needed to as-

sess risk in this group. The first step in

determining the actual effects of cumu-

lative low-dose radiation is to accurately

measure skin dose resulting from multi-

ple head CT/CTA. To address this, we measured dose in a sample

of patients undergoing CT/CTA on the 2 different CT scanners at

our institution with the most dissimilar architectures.

In the 4 patients reported, as is typical of the adult neurological

ICU population, the radiation risk is outweighed by the immedi-

ate risk of death or severe permanent disability. These patients

received a large number of imaging examinations (14 –30 over a

period of 2– 4 weeks); however, reducing the number of these

examinations would compromise treatment and is likely not in

the best interest of the patient. The mean PSD from the CT study

groups allowed us to predict PSD from these 4 patient examina-

tions because direct patient measurement was not available. The

range in total cumulative skin dose was estimated to be 1.9 – 4.8

Gy, which is at or above the threshold for deterministic effects,

consistent with the initial dose-measurement feasibility study by

Mamourian et al6 in patients with SAH. We agree with the inves-

tigators’ conclusions that radiation awareness and accurate dose

assessment of these hospitalized patients are important, but cau-

tion that because these risks are much less of a concern than the

immediate risk of death and severe disability in these patients,

cumulative dose estimates should not be the basis for decreasing

clinically indicated imaging studies or decreasing CT dose at the

expense of diagnostic image quality.24

Nevertheless, surveillance for immediate or delayed skin in-

jury may be reasonable in selected patients in the ICU who survive

to leave the hospital after undergoing multiple CT examinations

with high cumulative doses. Occasionally, transient erythema

may be observed after coronary or cerebral angio-intervention,

and epilation has been reported in a number of patients exposed

to inadvertent high exposures during CT perfusion.7,8,10-13 In

contrast, deterministic skin effects have not been reported in the

large number of patients in the ICU exposed over the course of

weeks to similar cumulative doses from multiple daily CT and

CTA; however, it is possible that these effects occur but have gone

undetected. Despite this remote possibility, it seems unlikely that

FIG 4. PSD versus patient size for all patient examinations on both scanners. Patient size is
specified as the effective diameter, calculated from anteroposterior and lateral thickness mea-
surements of patient’s head. There was no significant correlation between PSD and patient head
size for corresponding patient examinations on each scanner.

Table 4: Angiographic phantom CAK and PSD (mGy)
CAK PSD PSD/CAK

Trial 1 73 33.1 0.45
Trial 2 101 45.1 0.45

Table 5: Illustrative ICU patient CT/CTA and cerebral
angiography exposuresa

Patient
1

Patient
2

Patient
3

Patient
4

No. of CTA 12 8 8 8
PSD (mGy) 1187 791 791 791
No. of head CT 2 7 4 18
PSD (mGy) 78 274 157 706
No. of cerebral angiograms 11 9 2 14
Cumulative skin dose (mGy)b 2667 1574 908 3261
Total skin dose, all exams (mGy) 3932 2639 1856 4758
Time interval for all exams (days) 30 18 16 31

a All patient CT exams performed on scanner 1.
b Cumulative skin dose for cerebral angiography predicted from phantom measure-
ments.
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such skin effects are occurring at a frequency or severity compa-

rable with well-documented single-dose exposures. This clinical

experience is consistent with the radiation biology literature

showing that exposure to multiple low-dose fractions of radiation

stimulates immediate DNA repair, cellular protective changes,

apoptosis, and tissue effects that are substantially different from

the effects of a single or several high-dose radiation exposures.23

Although these contemporary biologic data and recent epidemi-

ologic analyses have cast substantial doubt on the validity of the

linear no-threshold model for estimating low-dose radiation ef-

fects, some controversy persists in the radiation biology literature,

causing concern among patients and physicians.3,4,23 Although

the predicted low-level decades-delayed stochastic risks of radia-

tion-induced carcinogenesis are very difficult to investigate clini-

cally, direct DNA and cellular effect of radiation and rapid deter-

ministic skin effects should be far easier to study and may help to

directly address this controversy. Valid accurate estimates of pa-

tient exposure are needed as a first step toward such research.

In this study, measurement results from CT examinations

demonstrated that phantom skin doses were a reasonable approx-

imation of patient skin doses. Thus, results from phantom mea-

surements were used when direct patient measurements were not

otherwise available. Our results indicate that PSD was consistent

for all patients on a particular scanner when comparing the same

patient examination. This result would allow us to predict the

PSD reasonably well for other patients who may receive head CTA

or CT examinations on either of these scanners. In contrast, the

mean CTDIvol overestimated the mean PSD by a factor ranging

from 1.4 � 0.5 to 1.9 � 2.8 depending on the specific CT protocol

and scanner, and there is some interpatient variation in the rela-

tionship of CTDIvol and PSD (Fig 3B). These findings confirm

that CTDIvol alone is inadequate as an indicator of patient radia-

tion dose and potential for radiation-induced deterministic ef-

fects. As such, though a correction factor for CTDIvol specific to

each scanner and protocol would be possible, we chose not to use

CTDIvol, but instead to calculate cumulative individual patient

dose for our 4 patients from the ICU directly from PSD measure-

ments on the relevant scanner and protocol.

Prediction of patient skin dose in a single patient undergoing

multiple scans by using dose measurements on multiple patients

is a limitation of this study. This was unavoidable because of the

logistical challenges of placing and retrieving the dosimeters on

patients who are critically ill and may be scanned at any time of

day or night. Our data indicate that there was a high degree of

consistency between PSD on different scanners for the same CT

examination protocol and that the head phantom served as an

acceptable alternative to patient dose measurements, particularly

for assessment of skin dose during cerebral angiography. For these

reasons, we believe our method provided a reasonable initial basis

for dose quantification. Although direct measurements on the

same patient having multiple examinations would have been a

more valid means of data collection, this would have been ex-

tremely cumbersome in the most critically ill patients. Although

our measurement results were useful in calculating the PSD for

examinations and protocols on our scanners, the results of this

study reflect the scanners and imaging protocols specifically at

our institution.

CONCLUSIONS
Directly measured head CT/CTA PSD was reasonably consistent

for a given examination across patients and CT scanners. Using

these scanner- and protocol-specific PSD measurements to pre-

dict doses to 4 typical patients in the neurological ICU exposed to

multiple CT/CTA examinations, we found cumulative skin doses

ranged from 1.9 – 4.8 Gy, at or above the threshold for single-dose

deterministic skin effects, but we observed no skin effects. Further

study correlating diagnostic CT exposure in patients in the ICU

with direct cellular, DNA, and deterministic skin effects is needed

to investigate what if any risk these cumulative exposures impart.

Meanwhile, cumulative dose estimates should not be used to jus-

tify reduction in individual CT scan dose at the expense of diag-

nostic image quality or to limit the number of otherwise clinically

indicated scans in critically ill patients in the neurological ICU.
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