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There has been increased concern about radiation dose to the female breasts, with 

approximately 200,000 new breast cancers being diagnosed each year in the United States. The 

unprecedented increase in the use of radiologic exams on younger women has also raised some 

additional concerns about how procedures are performed. The objective of this paper is to 

provide an insight into how breast dose is calculated in nuclear medicine, mammography and 

computed tomography and provide a comparison amongst these three modalities if any. 

Estimated calculations are also provided from use of attenuation correction methods used in 

SPECT/PET and SPECT-CT/PET-CT. The special case of lactating breast in nuclear medicine 

is also addressed, in addition to the radiopharmaceutical that are distributed in the breast. 

Breast doses are compared from all the modalities to determine whether or not breast doses 

from different modalities are additive. Finally methods of reducing doses in nuclear medicine 

and diagnostic radiology are discussed. 
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 DOSE TO THE FEMALE BREASTS FROM NUCLEAR 

MEDICINE AND DIAGNOSTIC RADIOLOGY 

1. INTRODUCTION 

 

The benefits of diagnostic imaging are immense and have greatly transformed the 

practice of medicine. Remarkable achievements have been made in the development of novel 

medical technologies in the past two decades. These recent developments have greatly increased 

the utilization of x-ray and nuclear imaging studies that have resulted in a significant increase in 

the cumulative patient population exposure from ionizing radiation4. Higher patient doses are 

generally associated with imaging modalities such as computed tomography (CT), combined 

modality imaging and cardiac nuclear imaging.  

According to preliminary findings from a study released in 2007 from the National 

Council on Radiation Protection and Measurements in Arlington, VA., the amount of radiation 

dose from clinical imaging exams performed in the United States may have increased more than 

600% in the last two decades, most of it due to CT4. The preliminary review indicated that CT 

and nuclear medicine procedures accounted for the largest increase in dose. CT procedures were 

estimated to be 12% of all procedures performed and accounted for 45% of the estimated 

collective dose while nuclear medicine was responsible for 3% of the total examinations 

performed and accounted for 23% of the estimated effective collective dose56. 

The use of computed tomography in medical imaging has increased and hence raised 

concerns regarding increase in radiation exposure to patients. The American College of 

Radiology (ACR) and International Council on Radiological Protection (ICRP) have also voiced 

their concerns about increasing use of CT and the potential stochastic effects on radiosensitive 

tissues such as the female breast 3,22. In the most recent ICRP publication 103, the weighting 

factor of the breast tissue was increased to 0.12, compared to the previously defined factor of 

0.05 reported in ICRP publication 6031,33. Despite these concerns, these large controllable 

sources of radiation exposure in medical imaging remain unregulated. Mammography is 

currently the only diagnostic imaging modality that is regulated by the Food and Drug  
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Administration (FDA) and individual states with regard to the amount of dose that can be 

delivered to the breast for screening purposes3. There are currently no industry, federal 

governmental or medical regulatory bodies that have control over CT scan parameter or nuclear 

medicine imaging techniques even though a wide range of methodologies are known to be 

applied at different institutions. Patient exposure considerations are more critical in CT and 

nuclear medicine because the doses can be higher than that from mammography. Further, there 

has been increasing use of single positron emission and positron emission tomographic 

examinations with the introduction of fusion imaging.  

There has been increased concern about radiation dose to the female breasts, with 

approximately 200,000 new breast cancers being diagnosed each year in the United States88. 

There is a plethora of data available that provides feasible methods of estimating absorbed doses 

to female breast from procedures performed in nuclear medicine and diagnostic radiology. Many 

articles in renowned medical journals provide estimated breast doses. For example, an article 

published in the American Journal of Roentgeonology in 2005 reported that “(Breast) Dose rates 

for CT angiography are typically in the same ranges as conventional chest CT, 2.0-4.0 rad (20-40 

mGy). This compares with an effective radiation dose equivalent of 0.06-0.25 rad ( 0.6-2.5 mGy) 

for two-view chest radiography and an average glandular breast dose of 0.300 rad (300 mrads or 

3 mGy) for standard two-view screening mammogram. Few physicians are aware that 

conventional diagnostic chest CT imparts a radiation dose of 2.0-5.0 rad (20-50 mGy) to the 

breasts of an average-sized woman. This dose is roughly equivalent to 10-25 two-view 

mammograms and up to as many as 100-400 chest radiographs” 52. However, these comparisons 

are generally available for chest CT studies only. There is no comprehensive study that has been 

done to compare breast doses from different procedures performed in each modality. 

With regard to this, the primary goals of this paper are to 1) provide estimation of breast 

doses from nuclear medicine, computed tomography and mammography procedures 2) 

determine whether or not these doses from different modalities can be compared with each other 

3) determine whether these doses are additive and 4) discuss methods of reducing breast dose 

from each different modality.  
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2. BREAST RADIOSENSITIVITY AND SOME BREAST CANCER 

FACTS 

 The breast tissue of young women is one of the most radiosensitive tissues in a human 

body. The sensitivity of breast tissue has been demonstrated in the Japanese atomic bomb 

survivors15. Also, a significant increased risk in the incident of breast carcinoma has been 

demonstrated in patients who have received substantial cumulative doses to the breast from 

multiple diagnostic x-ray procedures and from radiation therapy for benign diseases15. It has 

been reported that the delivery of 1 rad to a woman younger than 35 years, can increase the 

lifetime risk of breast cancer by 13.6%88. For comparison, breast doses from computed 

tomography and some nuclear medicine studies are greater than 1 rad.   

 The adverse biological effects associated with radiation exposure are classified as either 

stochastic or deterministic and are largely defined by total dose and dose rate. The potential 

radiation effect from doses received in computed tomography are stochastic effects due to the 

magnitude of delivered dose. Stochastic effects are those where the occurrence of the effect are 

dose dependent. Examples of stochastic effects are carcinomas and hereditary effects. The 

probability of occurrence of such effects is dependent upon the amount of radiation dose 

received. The International Commission on Radiation Protection (ICRP) Special Task Force 

2000 reported that the doses from computed tomography often approach or exceed levels that are 

known to increase the probability of nonfatal and fatal cancers35. In the most recent ICRP 

publication 103, the breast weighting factor was increased to 0.12 from 0.05 (as shown in table 

1) as reported in ICRP publication 6034,36. This is due to recent research showing the increased 

radiosensitivity of breast tissue and the fact that breast cancer accounts for about one-quarter of 

the total detriments in females74. 

 The relationship between radiation induced breast cancer and radiation dose is a product 

of several factors such as age at exposure, latent period (time after exposure), hormone level etc. 

The age of exposure is the most important factor, with young girls being at higher risk than 

women around menopausal age. The reason is a need for estrogen stimulation and tissue  
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proliferation in order for radiation damage to occur in breast tissue,. The breast tissue is 

increasingly radiosensitive during pregnancy due to increased hormone levels. A brief 

description of the breast anatomy is provided in Appendix A. The latent period for radiation 

induced breast to occur is approximately 5 to 10 years55. This time is longest in younger women 

and shortest for older women. Furthermore, the latent period for young children can be even 

longer to about 35 to 40 years55.  

 

Table 1: Weighting Factors as defined in ICRP 26, 60 and 103. 

Tissue or Organ  Weighting factors 
factors (ICRP 26) 

Tissue Weighting 
Factors (ICRP 60) 

Tissue Weighting 
Factors   (ICRP 103)  

Bladder 0.05 0.04 
Bone 0.03 0.01 0.01 
Brain 0.01 

Breasts 0.15 0.05 0.12 
Colon 0.12 0.12 

Esophagus 0.05 0.04 
Liver 0.05 0.04 
Lungs 0.12 0.12 0.12 

Ovaries/testes 0.25 0.2 0.08 
Red marrow 0.12 0.12 0.12 

Remainder tissues 0.3 0.05 0.12 
Salivary glands 0.01 

Skin 0.01 0.01 
Stomach 0.12 0.12 
Thyroid 0.03 0.05 0.04 

TOTAL 1 1 1 
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3. CURRENT REGULATIONS ON BREAST DOSE   

 

  In the United States, mammography is strictly regulated. In 1986, the American college 

of Radiology started the first national Mammography Accreditation Program (MAP). This 

voluntary program improved the quality of mammograms and lowered breast doses22. In 1992, 

US congress passed a law requiring mammography facilities to adapt MAP type standards. These 

standards are no longer voluntary and today the United States Food and Drug Administration 

(FDA) certifies each mammography facility18. For a facility to be certified, each mammography 

machine needs to be accredited by a FDA approved accreditation body such as the ACR. Further, 

FDA approved accreditation requires that staff members involved in mammography such as 

radiologists, mammography technologists and medical physicists meet strict guidelines. Part of 

the accreditation process also requires review of film quality and breast dose review of breast 

dose.   

These FDA standards are outlined in the Mammography Quality Standard Act of 1994, 

which sets strict breast dose restrictions. The MQSA limits the average glandular dose to 3 mGy 

(300 mrad) per film i.e. 6 mGy (600 mrad) for two films for a compressed breast thickness of 4.2 

cm and breast composition of 50% glandular and 50% adipose breast tissue (which corresponds 

to the MQSA approved breast phantom)14,22. If the average glandular dose for a screening 

procedure exceeds 3 mGy, the mammography cannot be performed. The average glandular dose 

for the MQSA phantom is typically 1.5 to 2.2 mGy per view for a film optical density of 1.0 to 

2.014. 
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4. NUCLEAR MEDICINE 

 

Nuclear medicine studies involve administration of a radiopharmaceutical into the body 

by intravenous injection, ingestion or by inhalation. Some studies require labeling a patient’s 

blood cells with a radiopharmaceutical such as in WBC and RBC scintigraphy. Radionuclides 

such as 131I-NaI can also be used for therapeutic applications. The physical properties of the 

radionuclide and its biological distribution are the two main factors used in internal absorbed 

dose calculations in nuclear medicine. Biological distribution data can be obtained from 

measurement of radioactivity as a function of time until it is excreted from the body either in 

urine, stool, exhalation and/or perspiration. If the biological, chemical and physical properties are 

well distinguished, then the task of estimating dose merely becomes determining the pattern in 

which energy is absorbed in different tissues/organs from the various types of radiations emitted. 

 

4.1 MEDICAL INTERNAL RADIATION DOSE (MIRD) METHOD 

 

The Medical Internal Radiation Dose (MIRD) committee was established by the Society 

of Nuclear Medicine in the 1960’s to assist the nuclear medicine community in estimating 

absorbed radiation dose to organs/tissues from internally deposited radiopharmaceuticals48. The 

MIRD formalism is a popular method and acceptable worldwide for internal dose calculation. 

The basic equation used to estimate dose is shown below: 

 

MIRD EQUATION: 

����� ) = Equation 1 

where 

 Equation 2 

where: 

 ��r	 )  = Mean absorbed dose to the target region 

Ah = cumulated activity (in µCi-hr) 

 



 

7 

 i = ith type of radiation 

∆i  = Mean energy emitted per nuclear transition (MeV) 

ϕi = absorbed fraction - fraction of energy emitted from source organ that is absorbed in target  

        organ 

mk = mass of the target organ 

Φi = specific absorbed fraction – absorbed fraction per unit mass of target region 

rk = target region 

rh= source region 

S = S-factors – for a given radionuclide and specific source target organ combination in a  

      mathematical model the S =  Σ ∆i Φi (in rads/µCi-hr) 

The energies and abundances of the radiations emitted during decay for a particular 

radionuclide generally have inherent errors. Except for the lowest energy emissions such as the 

Auger electrons, these quantities are relatively easy to determine with uncertainties of 1% or 

less12. For a given kind of radiation, the absorbed fraction ϕ(T<-S), is the fraction of energy 

emitted from source organ that is absorbed in the target organ. Absorbed fractions are calculated 

using mathematical models. The first description of a phantom representing the whole body and 

individual organs of a reference adult was given in MIRD pamphlet 5 and the revised version of 

report 5 79. Figure 1 gives a depiction of the MIRD phantom as cited in MIRD 5. 

 

Figure 1: Depiction of MIRD model. 
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An improved set of absorbed fractions for a slightly different adult phantom and for five 

other individuals representing children of different ages (newborn, 1 year old, 5 years old, 10 

years old and 15 years old) were published in 1987 by Cristy and Eckerman77. In 1995, four 

phantoms representing the adult female both non-pregnant and at three stages of pregnancy were 

published54. The ICRP has adopted the Cristy/Eckerman phantoms for use in calculating dose 

factors for children and adults; however the MIRD committee has approved only its own 

anthropomorphic phantom from 1975 as acceptable for dose calculation12. This implies that there 

are 2 non-governmental agencies that provide tools to estimate dose to people and these tools are 

different and may not agree with each other. 

When divided by the mass of the target region, the absorbed dose is called the specific 

absorbed fraction (Φi (T ← S)). This is one of the quantities utilized in calculating the S value 

used in the MIRD equation. The S quantities represent the absorbed dose rates respective to the 

target tissue due to unit activity of radionuclides that accumulate in a source organ/tissue. Then 

with the knowledge of the mean energy transmitted per nuclear transition and specific absorbed 

dose, S values can be determined for various source/target combinations and specific 

radionuclides44. 

 Although comprehensive sets of S-values have not been published for adult female 

breasts, these values have been calculated for children of various ages using the mathematical 

phantom described by Christy19. S-values of adult female breast are derived using an anatomical 

model that corresponds to a 15 year old female child phantom. The breast mass assumed for 

calculation purposes for the 15 year old child phantom was 361 grams19.  There is a significant 

variation in breast tissue composition and size between an adult and a 15 year old child, thus the 

dose calculated for an adult female breast is not a true representation of the actual absorbed dose. 

There is a considerable research effort to use medical images such as those from computed 

tomography and magnetic resonance imaging as the basis for more realistic phantoms as used in 

radiation therapy but it is still in the research phase12.  
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4.2 MIRD LIMITATIONS 

 

Although the MIRD method provides reasonable estimates of organ doses, the typical 

application of the technique usually includes several significant assumptions, limitations, and 

simplifications, which in combination could results in a considerable difference in true and 

calculated doses14. These assumptions include: 

1. The radioactivity is assumed to be uniformly distributed in each source organ. This is 

rarely the case, significant pathology or characteristics of the radiopharmaceutical may 

result in a highly non-uniform activity distribution.   

2. The organ sizes and geometries are simplified shapes to aid in mathematical 

computations. 

3. Each organ is assumed to be homogeneous in density and composition. 

4. The phantoms for the reference adult are only approximations of the physical dimensions 

of any given individual.  

5. Although the radiobiologic effect of the dose occurs at the molecular level, the energy 

deposition is averaged over the entire mass of the target organs and therefore does not 

reflect the actual microdosimetry on a molecular or cellular level. 

6. Dose contributions from bremsstrahlung and other minor radiation sources are ignored. 

7. With a few exceptions, low-energy photons and all particulate radiations are assumed to 

be absorbed locally.  

 

4.3 BREAST DOSE TO FEMALE NON-LACTATING BREAST 

 

 The dose to non lactating breasts (target region)  is estimated from the cumulated activity 

in other source organs. ICRP 53 provides tabulated values for breast dose are and given in table 2 

for various radiopharmaceuticals33. Table 3 provides breast doses from 131I-NaI and123I-NaI for 

different thyroid uptake. In general, breast dose increases with increasing thyroid 24 hour uptake 

values. Greater energy is imparted to the breast tissue with increased uptake in the thyroid gland. 
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Table 2: Examples of estimated doses to breast from a variety of radiopharmaceutical from ICRP 

53 and are for non-lactating breast based on 15 year child phantom32. 

Breast Dose from Radiopharmaceuticals (Non-Lactating breast) 

Radiopharmaceutical 
Breast 
Dose(mGy/MBq) Radiopharmaceutical 

Breast 
Dose(mGy/MBq) 

Au-198 colloid 1.1E-01 N-13 NH3 1.83E-03 
Co-57 B-12, Nor/flsh 9.8E-01 P-32 Na2PO4 9.2E-01 
Co-58 B-12, Nor/flsh 2.50 Tc-99m Albumin Microsphere 5.2E-03 
Co-57 B-12, Nor/w/o flsh 1.5 Tc-99m DMSA 1.8E-03 
Co-58 B-12, Nor/w/o flsh 3.7 Tc-99m DTPA - iv 9.4E-04 
F-18 FDG 1.1E-02 Tc-99m DTPA - aerosol 1.9E-03 
F-18 NaF 6.1E-03 Tc-99m glucoheptonate 1.4E-03 
Ga-67 Citrate 6.2E-02 Tc-99m HMPAO (Ceretec) 2.4E-03 
Hg-197 Chlormerodrin 5.4E-03 Tc-99m MAA 5.5E-03 
I-123 Hippuran 3.4E-04 Tc-99m MAG3 1.4E-04 
I-123 IMP 1.2E-02 Tc-99m MDP 8.8E-02 
I-123 MIBG 6.2E-03 Tc-99m MIBI/rest 5.3E-03 
I-125 HSA 2.1E-01 Tc-99m MIBI/stress 4.7E-03 
I-131 Hippuran 1.7E-03 Tc-99m Pertechnetate 2.3E-03 
I-131 MAA 1.0E-01 Tc-99m RBC's/in vivo 4.5E-03 
I-131 MIBG 6.9E-03 Tc-99m RBC's/denatured 2.1E-03 
I-131 Rose Bengal 6.6E-03 Tc-99m WBC's 3.1E-03 
In-111 DTPA 4.3E-03 Tl-201 Chloride 2.5E-02 
In-111 Platelets 1.1E-01 Xe-127, 5 min rebreath 6.4E-04 
In-111 WBC 9.0E-02 Xe-133, 5 min rebreath 8.3E-04 
 

Table 3: Breast Absorbed dose per unit intake of 131I-NaI and 123I-NaI in mGy/MBq for the non-
lactating female breast tissue and for a range of 24 hour thyroid uptake values32.  

Fraction of uptake 0% 5% 15% 25% 35% 45% 55% 
131I-NaI 3.3E-02 3.1E-02 4.3E-02 5.4E-02 6.6E-02 7.9E-02 8.9E-02 
123I-NaI 5.6E-03 4.6E-03 4.7E-03 5.0E-03 5.2E-03 5.4E-03 5.6E-03 
 

Based on the published values from ICRP 53 (table 2 and 3), breast doses were calculated for 

this study for commonly performed nuclear medicine procedures as a product of administered 

dose and dose factor. The results are tabulated in table 4. 
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Table 4: Breast dose estimates for commonly performed nuclear medicine procedures. 

Procedure Radiopharmaceutical 
Typical administered 

dosage (mCi) 
Breast dose 

(mGy) 

Bone scan 99mTc-MDP 925 8.1E1 

Brain scan 99mTc-DTPA 740 6.9E-1 

Lung Perfusion 99mTc-MAA 148 8.1E-1 

MUGA 99mTc-pertechnetate 740 1.7E0 

Myocardial Perfusion rest 99mTc-sestamibi 370 1.9E0 

Myocardial Perfusion Stress 99mTc-sestamibi 1110 5.2E0 

Myocardial viability 201Tl-Chloride 148 3.7E0 

Parathyroid 99mTc-sestamibi 740 3.9E0 

Renal/GFR 99mTc-DTPA 296 2.8E-1 

Renal complete 99mTc-DTPA 555 5.2E-1 

Renal 99mTc-MAG3 370 5.2E-1 

Testicular scan 99mTc-pertechnetate 370 8.5E-1 

Thyroid scan 99mTc-pertechnetate 370 8.5E-1 

Thyroid uptake (25% 
uptake) 123I capsule 7.4 3.7E-2 

Thyroid uptake (25% 
uptake) 131I capsule 0.185 1.0E-2 

Thyroid uptake (55% 
uptake) 131I capsule 0.185 1.6E-2 

Hyperthyroid treatment 
(55% uptake) 131I-NaI 1110 9.9E1 

Thyroid CA 131I-NaI 1110 3.4E1 

Thyroid CA 131I-NaI 3700 1.14E2 

Thyroid CA 131I-NaI 5550 1.72E2 

Thyroid CA 131I-NaI 7400 2.29E2 
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4.4 THE SPECIAL CASE OF RADIOPHARMACEUTICALS THAT ACCUMULATE 

IN BREAST MILK 

 

Radiopharmaceuticals that accumulate in breast milk are classified in three different 

categories depending on the fraction of radiopharmaceuticals excreted in the milk. 

Classifications are shown below 

 

CLASS A: Ga-67 citrate, Tc-99m DTPA, Tc-99m pertechnetate, Tc-99m MAA, I-131 NaI 

CLASS B: Cr-51 EDTA, Tc-99m DISIDA, Tc-99m glucoheptonate, Tc-99m HAM, Tc-99m 

MDP/HDP, Tc-99m MIBI, Tc-99m PYP, Tc-99m RBC, Tc-99m sulfur colloid, Tc-99m WBC, I-

123 NaI, I-123 OIH, I-123 mIBG, I-125 OIH, I-131 OIH, Tl-201 chloride 

CLASS C: Tc-99m DTPA aerosol, Tc-99m MAG3, Tc-99m WBC, Xe-133 gas 

* For complete names of the chemical compounds see appendix A. 

 

Class A is of main concern since the excretion of the radiopharmaceutical is higher in 

breast milk. Only a few radiopharmaceuticals excrete greater than 10% of the administered dose 

in the breast milk. The typical estimates range from 0.3% to 5% of the injected dose65. Generally, 

pertechnetate is reported to excrete less than 10%, while 131I-NaI and 67Ga-citrate have 

cumulative excretions greater than 10% in breast milk. It was noted by several authors that the 

concentration and cumulative excretion was higher in patients with greater milk production.  

 Tabulated values are provided in table 5 from different sources of excretion of 

radiopharmaceutical in breast milk. In a publication by Stabin and Bretiz, for each 

radiopharmaceutical the peak fraction per milliliter of milk is provided53. Also available is the 

time at which maximum concentration is observed. Since different peak values are observed, 

lowest and highest concentrations are also provided in these publications53. The best case is the 

breast dose estimated from the least amount of activity and the worst case is given for the most 

amount of activity excreted in breast milk. The exact mechanism for radiopharmaceutical uptake 

into the breast is not well defined due to the lack of detailed kinetic studies and data on 

metabolism of foreign compounds by breast tissue. 
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There is a notable variation in the breast milk concentration in different studies, even 

when the same radiopharmaceutical was administered to the same subject at different times45. 

Radiopharmaceutical uptake into the breasts and excretion into the breast milk is reasonably fast, 

with most showing their highest concentration at around 4 hours53. When the radionuclide is 

tightly bound to the carrier, the uptake peak is later and the clearance half life is slower. 

In general, for 99mTc labeled radiopharmaceuticals, the radioactivity accumulated in the 

breast milk is not in the same form as the radiopharmaceutical administered. For example for 
99mTc labeled white blood cells, it is unlikely that the labeled blood cells are being excreted in 

breast milk but more likely that the label is being taken up into breast in some other form such as 
99mTc as pertechnetate1. Radiopharmaceuticals that are excreted in the breast milk are dependent 

on the labeling efficiency. Impurities in the labeling agent or radiopharmaceutical can change the 

biokinetic of the radiopharmaceutical. 99mTc products contain pertechnetate as an impurity 

usually less than 10%, thus the 99mTc found in the breast milk is most likely entirely free 

pertechnetate. Furthermore, if the milk is expressed artificially, then incomplete emptying will 

contribute to slow clearance rate from the breast53, therefore increasing the breast dose. 

 67Ga has a high binding affinity for lactoferrin, which is a protein that is found in breast 

milk. (23) Lactoferrin accounts for 15% of the protein in breast milk. Ninety percent of 67Ga has 

been associated with lactoferrin, the remainder is divided equally between casein and 

immunoglobulin and there is a lesser degree of binding to other breast milk proteins28.  

The concentration of iodide in breast milk is several times higher than the free component 

in the plasma since it is actively secreted in the breast53. The concentration of iodine 

concentrated in the breast will be affected by the uptake in the thyroid gland. Patients with 

hyperthyroidism have a higher uptake and less is excreted in the breast milk compared to 

euthyroid and hypothyroid patients. As in the case of 99mTc, the impurity measured in 131I will 

also account for the variability in the amount of excretion measured. 
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Table 5: Breast dose for radiopharmaceutical excreted in breast milk.65 

*Least amount of milk excreted, ** most amount of milk excreted 

Radiopharmaceutical Administered activity Breast Dose (mGy) 

in MBq (mCi) 

 Best case* Worst case** 
    
67Ga-citrate 185  2.18E-01 1.10E+01 
99mTc-DTPA 740 6.10E-03 1.20E-01 
99mTc-MAA 148  1.55E-02 1.21E+00 
99mTc-pertechnetate 1110 1.86E-02 2.52E+00 
131I-NaI 5550   1.96E+03 
51Cr-EDTA 1.85  4.21E-06 2.52E-05 
99mTc-DISIDA 300  1.94E-02 5.98E-02 
99mTc-glucoheptonate 740  3.58E-02 7.40E-02 
99mTc-HAM 300 8.48E-02 2.33E-01 
99mTc-MIBI 1110  5.50E-03 5.09E-02 
99mTc-MDP 740  2.69E-02 3.76E-02 
99mTc-PYP 740  4.16E-02 2.26E-01 
99mTc-RBC in vivo 740  2.50E-03 1.14E+00 
99mTc-RBC in vitro 740  9.30E-03 1.61E-02 
99mTc-sulfur colloid 444  3.17E-02 4.64E-01 
111In-WBCs 18.5  5.00E-03 2.52E-02 
123I-NaI 14.8   4.74E-01 
123I-OIH 74 7.50E-02 5.84E-01 
123I-MIBG 370   2.71E-01 
125I-OIH 0.37   8.00E-04 
131I-OIH 11.1  4.97E-02 3.22E-01 
99mTc-DTPA aerosol 37 1.00E-04 2.50E-03 
99mTc-MAG3 185  3.00E-03 6.01E-02 
99mTc-WBCs 370  1.11E-01 1.51E+01 
210Tl-chloride 111  2.35E-02 4.14E-02 
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5. SINGLE PHOTON EMISSION TOMOGRAPHY (SPECT) AND 
POSITRON EMISSION TOMOGRAPHY (PET) 

 

 Both single photon emission tomography and positron emission tomography are branches 

of nuclear medicine that make use of tracer techniques to produce images of the internally 

distributed radionuclide using an external detector system. Similar to general nuclear medicine 

studies, the functional information of a given study will be dependent upon the 

radiopharmaceutical utilized. SPECT is generally used in cardiac imaging to evaluate myocardial 

blood flow using 201Tl and 99mTc cardiac labeled perfusion agents such as 99mTc-MIBI. 

Conversely, PET allows for assessment of blood flow and metabolism using positron emitting 

radionuclides such as 11C, 150, 13N and 18F. PET systems are generally more sensitive and have 

better resolution than SPECT systems. 

5.1 ATTENUATION CORRECTION 

Attenuation is not uniform throughout the patient and in particularly in the thorax. 

Therefore, several manufacturers provide SPECT/PET cameras with radioactive sources or 

computed tomography scanners to measure the attenuation through the patient. The sources are 

used to acquire data from projections around the patient. After acquisition, the transmission 

projection data are reconstructed to provide maps of tissue attenuation characteristics across 

transverse sections of the patient.  

 

5.2 TRANSMISSION ATTENUATION CORRECTION IN SPECT AND PET 

 

The transmission sources are available in several configurations such as scanning 

collimated line sources and point sources. The radionuclide used for transmission measurements 

is chosen to have a primary gamma ray emission that differs significantly in energy from the 

primary radiopharmaceutical administered. Line array sources of 153Gd (photon energies of 44, 

97 and 103 keV) are commonly used in transmission attenuation corrections. Separate energy 

windows are used to differentiate the photons emitted by the transmission source and primary  
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radiopharmaceutical but some crosstalk (interference in image registration) still occurs in the 

lower energy window.  

Germanium 68 transmission sources (that decay to 68Ga by positron emission) of 

approximately 11 mCi have been traditionally used for PET attenuation correction. Measuring 

the attenuation experienced by the annihilation photons within the body using an external source 

with the same photon energy as the injected radiopharmaceutical such as 18F-FDG give rise to 

highly accurate corrections. However, the activity of the 68Ge source is limited by detector 

deadtime issues. Transmission scan times of up to 10 minutes are sometimes required. Cesium 

137 is a single-photon emitter (662 keV) that has been effectively used as an alternative to 68Ge 

with acceptable accuracy48. The activity of 137Cs used is approximately 20 mCi. The images 

created using transmission sources are low in image quality and are considered non-diagnostic 

scans. A depiction of a transmission image is shown in figure 2. 

 

Figure 2: Depiction of Transmission attenuation correction images*.  

 

*image obtained from radiology physics lecture notes, Medical Physics Consultants, Inc Ann Arbor, MI. 

The doses reported in the literature from the transmission attenuation corrections sources 

are small (in the order of 1-2 µSv) compared to the dose from the administered 

radiopharmaceutical. Every manufacturer has a different method of attenuation correction. In 

SPECT dose estimates and methods for dose calculation are provided for Siemens e.cam series 

with the camera specifications63. The method used for determining breast dose estimates is 

provided in Appendix C. The reported breast dose from attenuation correction using line profile 

of approximately 20 mCi (740 MBq) is 0.0182 µrads. Breast doses from point sources used in  
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PET are not published hence, they were determined for this study. For 20 mCi (740 MBq) of 
137Cs and 11 mCi (407 MBq) 68Ge assuming point source geometry, the breast doses were 

estimated to be 12.72 µGy for 137Cs and 5.468 µGy for 68Ge. A complete description of point 

source dose calculation is provided in Appendix C. 

 

5.3 EMISSION ATTENUATION CORRECTION USING COMPUTED TOMOGRAPHY 

 

The primary function of CT based systems is to provide anatomical information to the 

transmission image. Since both the emission scan and CT scan are acquired sequentially on the 

same system, the two data sets are almost perfectly registered and can be fused more effectively. 

It has been reported that a non-diagnostic low dose CT (10-40 mA) usually provides images of 

adequate quality for the purpose of attenuation correction and anatomical localization53. CT 

attenuation correction reduces crosstalk between emission and transmission images. In addition, 

CT detectors avoid dead time, pile-up and other issues associated with gamma cameras.  

Earlier versions of the hybrid camera included CT but were not of diagnostic quality. 

Recently manufacturers have launched hybrid scanners that are capable of producing high 

quality CT scans.  For example, GE Hawkeye system (SPECT/CT) includes a low power X-ray 

tube (2.5 mA) with higher energy beam (140 kVp) and added filtration that administers low dose 

to the patient and low scatter to the operator20. A Philips Precedence system on the other hand 

includes a16-slice scanner (64 slice scanner also available) with a high power x-ray tube with 

80,120 and 140 kVp, with 20-500 mA capacity20. The doses will be higher for high mA capacity 

as compared to the low mA capacity x-ray tubes. 

In most SPECT/CT and PET/CT examinations, the quality of CT scans does not need to 

be in the level of diagnostic CT, because CT images are only used to produce the attenuation 

correction maps needed for SPECT/PET images. Figure 3 is a depiction of scans acquired using 

a CT scanner for attenuation correction. The dose from emission CT scans will depend on 

scanner types and exposure technique used to create the scans. These factors and the doses from 

SPECT/CT and PET/CT are further addressed in the CT section of this discussion. 
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Figure 3: Depiction of emission attenuation scan obtained using a CT scanner*. 

 

*image obtained from radiology physics lecture notes, Medical Physics Consultants, Inc Ann Arbor, MI. 
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6. COMPUTED TOMOGRAPHY 

 

 The diagnostic potential of computed tomography imaging is undeniable however; there 

is an increasing concern over the radiation doses delivered from CT examinations. Newer CT 

scanners have potential for longer scan lengths, with increased tube currents and shorter rotation 

times thereby reducing scan times. Chest CT plays an important role in the diagnosis of thoracic 

and cardiopulmonary disease and has become the gold standard for imaging pulmonary emboli. 

With the introduction of computed tomography angiography (CTA), CT also plays an important 

role in the diagnosis of cardiovascular diseases. A quantifiable dose is received by the female 

breast tissue when positioned in the scanning region. Therefore, the breast dose is higher for 

chest CT studies as compared to abdomen and lower spine studies.  

A study done at the Medical College of Virginia Hospital, Virginia Commonwealth 

University Medical Center showed that 60% of the patients undergoing CT chest studies were 

women of which 27% were under the age of 4052. A study done at Brown University’s Warren 

Alpert Medical school showed that the number of imaging studies that would expose pregnant 

women to radiation has increased by 121% in the past 10 years21.  As previously mentioned, the 

age of exposure is one of the most important determinant of breast cancer in addition to 

pregnancy, a period at which the breast is increasing sensitive to the ionizing effects of radiation.  

The dose to the female breast is reported in literature as approximately 2-5 rads for chest 

studies depending on the type of scanner and scanning protocol used52.  For protocols that 

employ overlapping of scan regions, the estimated breast doses are two to three times higher.. 

Also the breast dose increases with the number of scans such as using enhanced and 

nonenhanced scans as used in cardiac CTA protocols. For this study, breast doses were estimated 

for various CT procedures using typical scan techniques using the ImPACT dosimetry calculator. 
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6.1 CT DOSIMETRY 

 There are two commercially available Lucite phantoms that are typically used to measure 

dose in CT. A 320mm diameter cylindrical phantom is used to simulate an adult body and a 

260mm diameter phantom is used to simulate an adult head and a pediatric body as shown in 

figure 4. Both phantoms have four holes drilled on the periphery, approximately 10mm from the 

surface and one hole at the center to measure dose using a pencil ionization chamber. The 

preferred dose index for CT is the computed tomography dose index (CTDI). There are various 

definitions associated with CTDI, each one of them is briefly described as defined by the 

American Association of Medical Physicists (AAPM). 

 

Figure 4: Lucite Phantom used in CT. 
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6.2 COMPUTED TOMOGRAPHY DOSE INDEX (CTDI) 

 

Computed Tomography Dose Index (CTDI) corresponds to the average absorbed dose along the 

z-axis from a series of CT slices. It is obtained by dividing the integrated absorbed dose from one 

axial scan by the beam collimation (N x T). 

 

It is defined as: 

  Equation 3 

 

where 

N = number of data channels used in an axial scan 

T = width of the tomographic slice along the z-axis 

D(z) = radiation dose profile along the z-axis 

 

CTDI100 

CTDI100 represents dose at the center of a 100mm scan over multiple slices. It is measured 

using a pencil ionization chamber that is 100mm long and two standard acrylic phantoms; head 

phantom and body phantom as shown in figure 4. Since the ionization chamber is 100mm long, 

the integration limits are + 50 mm. 

 Equation 4 

 Equation 5 

 

where 

C= ionization chamber correction factor to correct for temperature and pressure. 

X = meter reading in Roentgen which is the average exposure over the 100 mm ionization  

      chamber length. 

N = number of data channels used for axial scan 

T = width of the tomographic slice along the z-axis 
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Weighted CTDI (CTDIw) 

Dose in computed tomography is not constant across the entire field of view (FOV) due to 

variation in penetration of the x-ray beam. The dose at the surface is generally higher than at the 

center of the field of view, therefore the average CTDI across the FOV is approximated by the 

CTDIw. It is a valuable indicator of the scanner output for a given scanning parameter i.e. 

specific to kilovoltage and milliamperage. 

 Equation 6 

CTDI100(center) is the CTDI100 measured at the center of the body or head phantom while 

CTDI100(periphery) is the average of four values of CTDI100 measured at evenly distributed positions 

around the dosimetry phantom. The values of  and  estimate the relative areas represented by 

the center and peripheral values2.  

 

Volume CTDIvol 

CTDIvol is defined to account for pitch of the scanner and is specific to each scanning 

protocol. This value is commonly displayed on the operator’s consoles but in some cases it is 

mislabeled as CTDIw. This could either underestimate or overestimate the CT dose by the pitch 

factor. CTDIvol is independent of the length of the scan because it is estimated for a 100mm scan 

only, therefore the CTDIvol will not change with an increase or decrease in scan length.  

 Equation 7 

The pitch is defined as the ratio of the table movement per rotation to the beam width (N x T) for 

multislice CT scanners. For single slice CT scanners, pitch is defined as the ratio of table 

movement per rotation to the beam collimation of the detector array.  

 

DOSE-LENGTH PRODUCT (DLP) 

A better representation of the total energy delivered for a given scanning protocol is 

given by the Dose Length Product (DLP) since it takes into account the total length of the scan. 

Clearly, the radiation risk from a 10mm scan length will increase from a 100mm scan length. For 

helical scanning, the total scan length is that exposed during acquisition of raw data which will  

 



 

23 

include any additional rotations required for data interpolation at either end of the programmed 

scan length. 

 Equation 8 

 

6.3 LIMITATIONS OF CTDI METHODS 

There are several limitations of CTDI method. The principal one include: 

1. CTDI represents an average dose to a homogeneous cylindrical Lucite phantom and is 

therefore only an approximation of the patient dose. 

2. CTDI is measured for a moving table. For interventional and perfusion studies that 

require the table to remain stationary, the dose can be overestimated by a factor of two or 

more46.  

3. CTDI100 can significantly underestimate dose for longer scan lengths49.  

 

6.4 DETERMINATION OF ORGAN DOSES IN COMPUTED TOMOGRAPHY 

USING MONTE CARLO SIMULATIONS 

 

Measuring CTDI is a relatively easy task, however it is difficult to estimate absorbed 

dose to individual organs from a CT scan. Organ dose assessment becomes even more difficult 

since patients have unique characteristics based on height, weight, gender and age.  Three 

different types of CT dosimetry calculators have been developed that use Monte Carlo 

simulations to determine organ absorbed doses.  

The first Monte Carlo based simulations were performed by members of the United 

Kingdom’s National Radiological Protection Board (NRPB) based on a hermaphrodic patient 

model using geometric shapes to approximate organ shapes and location. Data on CTDI100 were 

gathered for many scanners as part of a national dosimetry survey39. Twenty three series of 

Monte Carlo simulations were carried out for a range of scan parameters relevant to 27 models of 

scanners. Simulations involved a 3600 irradiation by a collimated fan beam for every 5mm axial 

section on the hermaphrodite patient models from the top of the head to the top of the legs39. The 

phantom used for simulation is shown is Figure 5. 
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Software programs have been created based on the work done by the NRPB that allows 

users to input some technical parameters to calculate organ absorbed doses. These include 

programs such as the Microsoft Excel based CT dosimetry calculator (figure 6) from Imaging 

Performance Assessment of CT (ImPACT) scanner group in the United Kingdom, available for 

download on their website http://www.impactscan.org/index.htm. The NRBP Monte Carlo 

dataset (NRPB-SR-250) must be available in the same file folder to make the program work39. 

CTDose is a CT dosimetry calculator, created by a group at the Danish National Institute of 

Radiation Hygiene based on Monte Carlo simulations on ADAM and EVA phantoms and is 

available at http://www.mta.au.dk/ctdose/index.htm and is widely known as CT-Dose50. Yet 

another software called CT-Expo is based on CT practices in 1999 in Germany is available at 

http://www.mh-hannover.de/kliniken/radiologie/str_04.html69. 

The ImPACT CT dosimetry calculator was used to calculate breast doses for this study 

from various manufacturers, scanner types and scan parameters. The ImPACT calculator was 

chosen since it was recently updated to allow selection of most modern CT scanners such as the 

64-slice scanners20. Monte Carlo simulations have not been performed for the various 

SPECT/CT and PET/CT scanners; therefore the breast doses were estimated using an equivalent 

CT scanner. For example, for a Philips Precedence (16 slice), the factor from a Philips Brilliance 

(16 slice) scanner were used. 

 

Figure 5 : ImPACT CT model Figure 6: ImPACT CT MS Excel based 

dosimetry calculator 
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6.5 BREAST DOSE ESTIMATES FROM CT BASED ATTENUATION 

CORRECTION IN SPECT/CT AND PET/CT 

 

 CT data can be acquired using different acquisition parameters whenever a different CT 

image quality is needed. For attenuation correction only, scans can be run at much lower mAs. 

Using the ImPACT CT Dosimetry calculator, breast doses for SPECT/CT systems from Philips 

and Siemens and PET/CT systems from General Electric, Philips and Siemens were estimated 

for a range of scan parameters used clinically. 

The breast dose from a GE Hawkeye system was estimated using the method described 

by a study done at the Royal United Hospital in Bath, UK24. The GE infinia Hawkeye uses a half 

scan setting where there is a 240o exposure per 360o setting. The rotation of the CT scanner is 

programmed such that it changes the 240o section of irradiation between slices. The CTDI 

measured using the head (16 cm) and body (32 cm) phantom has shown a variation in the 

periphery due to the 240o rotation and couch attenuation60. A study done at the Royal United 

Hospital in Bath, UK (48) showed that the dose at the center of the phantom were as follows: top 

558 mR, right 347 mR bottom 36 mR, left 493 mR and center 146 mR. Maximum exposure 

techniques of 140 kV, 2.5 mA, 2.5 rpm and 10 mm slice was used. Based on the CTDI values 

obtained, the average peripheral dose was estimated to be 4 mGy and central dose was 2 mGy60.  

ImPACT dosimetry calculations underestimate the dose to organs between the center and 

periphery of the body for GE Hawkeye if the radiosensitive organ (female breast) is irradiated at 

the surface. Therefore the actual dose to the breasts is approximated by 1) estimating the fraction 

of each radiosensitive organ in the beam using the ImPACT phantom 2) multiplying by 

measured doses in the phantom24,60.  
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Table 6: Breast doses from SPECT/CT 

Manufacturer Model # of Slices kVp mAs 
abs 

dose(mGy) 
      

GE Hawkeye 4 140 Variable* 3.2 
      

Philips Precedence 16 120 80 6.9 
    100 8.6 
    120 10 
      

Siemens Symbia 6 130 80 11 
    100 13 
    120 16 

*For half scan, 140 kVp, 2.5 mA, 2.6 revolutions per minute, 10 mm slice width and pitch equal 

to 1 

 

Table 7: Dose from GE Hawkeye SPECT/CT system60 

Chest scan CTDI (mGy) Fraction in beam Organ Dose (mGy) 

Lung 2 1 2 

Thyroid 4 0.2 0.08 

Breast 4 0.8 3.2 

 

Table 8: Breast Dose from PET/CT 

Manufacturer Model # of slices kVp mAs abs dose (mGy) 
      

GE Discovery VCT 64 120 80 9.1 
    100 11 
    120 14 
      

Philips Gemini TF 16 120 80 7.4 
    100 9.2 
    120 11 
      

Siemens Biograph 64 64 120 80 6.4 
    100 8 
    120 9.6 
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6.6 BREAST DOSES ESTIMATES FROM DIAGNOSTIC CT 
 

 There are more than 30 different CT scanner types manufactured primarily by GE, 

Siemens, Philips and Toshiba. Breast doses were not calculated for each scanner type, but a 

comparison is provided for a several scanners. Breast dose computed for nine different CT 

procedure for the four main 64 slice CT manufacturers are provided below in table 9. 

Table 9: Absorbed breast doses from commonly performed diagnostic CT procedures. 

Scanner type Procedure kVp mA time/rot collimation pitch  abs. breast dose (mGy) 
GE light speed VCT CT chest 120 350 0.8 40 1 23 
Philips Brilliance 64  120 350 0.8 40 1 26 
Siemens Somaton 64  120 350 0.8 19.2X2 1 24 
Toshiba Aquilion 64   120 350 0.8 32 1 38 
GE light speed VCT CTA chest 120 400 0.8 40 0.8 45 
Philips Brilliance 64  120 400 0.8 40 0.8 31 
Siemens Somaton 64  120 400 0.8 19.2X2 0.8 34 
Toshiba Aquilion 64   120 400 0.8 32 0.8 54 
GE light speed VCT CT C/A/P 120 400 0.8 40 1 37 
Philips Brilliance 64  120 400 0.8 40 1 30 
Siemens Somaton 64  120 400 0.8 19.2x2 1 28 
Toshiba Aquilion 64   120 400 0.8 32 1 44 
GE light speed VCT CT A/P 120 400 0.8 40 1 2.2 
Philips Brilliance 64  120 400 0.8 40 1 1.6 
Siemens Somaton 64  120 400 0.8 19.2X2 1 1.8 
Toshiba Aquilion 64   120 400 0.8 32 1 2.6 
GE light speed VCT CTA abd 120 400 0.8 40 0.8 45 
Philips Brilliance 64  120 400 0.8 40 0.8 31 
Siemens Somaton 64  120 400 0.8 19.2X2 0.8 35 
Toshiba Aquilion 64   120 400 0.8 32 0.8 54 
GE light speed VCT CT neck 120 200 1 20 1 0.39 
Philips Brilliance 64  120 200 1 25 1 0.3 
Siemens Somaton 64  120 200 1 28.8 1 0.27 
Toshiba Aquilion 64   120 200 1 24 1 0.43 
GE light speed VCT CT C-spine 120 250 1 20 0.8 0.49 
Philips Brilliance 64  120 250 1 25 0.8 0.38 
Siemens Somaton 64  120 200 1 28.8 0.8 0.34 
Toshiba Aquilion 64   120 200 1 24 0.8 0.53 
GE light speed VCT CT T-spine 120 300 1 40 0.8 34 
Philips Brilliance 64  120 300 1 40 0.8 23 
Siemens Somaton 64  120 300 1 19.2x2 0.8 26 
Toshiba Aquilion 64   120 300 1 32 0.8 41 
GE light speed VCT CT L-spine 120 320 1 40 0.8 2.4 
Philips Brilliance 64  120 320 1 40 0.8 1.7 
Siemens Somaton 64  120 320 1 19.2X2 0.8 1.6 
Toshiba Aquilion 64   120 320 1 32 0.8 2.9 
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The CT operator controls parameters such as kVp, mAs, pitch, beam collimation and 

slice thickness. These factors will affect the amount of dose delivered to a patient and hence 

image quality. In addition, certain inherent characteristics of different CT scanner designs may 

also cause a variation in dose form one scanner type to another. Table 10, 11 and 12 show the 

difference in breast doses from 4 manufacturers for 4, 16 and 64 slice scanners for a chest CT 

study to show the variation in breast doses due to differences in scanner designs.  

 

Table 10: Breast dose resulting from a 4 slice CT scanners for chest CT. 

Scanner type CTDIair(mGy/100 mAs) CTDIw(mGy/100 mAs) 
Abs. Breast Dose (mGy) 

    

GE HiSpeed  22.7 6.5 21 
Philips MX8000 19.2 7 21 

Siemens Sensation 4 18.5 7.7 22 
Toshiba Aqulion 4 38.8 11.2 39 

 

Table 11: Breast dose resulting from use of a 16 slice CT scanners for a chest CT. 

Scanner type CTDIair(mGy/100 mAs) CTDIw(mGy/100 mAs) 
Abs. Breast Dose (mGy) 

    

GE Lightspeed 16 25.1 9.9 29 
Philips Brilliance 16 19.5 7.9 25 
Siemens Somaton 16 15.3 6.8 19 
Toshiba Aquilion 16 46 15 42 

 

Table 12: Breast dose resulting from use of a 64 slice CT scanners for chest CT. 

Scanner type CTDIair(mGy/100 mAs) CTDIw(mGy/100 mAs) 
Abs. Breast Dose (mGy) 

    

GE light speed VCT 30 9.5 23 
Philips Brilliance 64 14.6 5.9 26 
Siemens Somaton 64 19.5 7 24 
Toshiba Aquilion 64 36 12.1 38 
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6.7 FACTORS AFFECTING BREAST DOSE IN CT 

 

a) Automatic Exposure Control (Tube modulation) 

Automatic exposure control systems also known as tube modulation techniques are now 

available in all multi slice CT scanners. Each system is operated on a different basis although 

basically the tube current (mA) is adjusted relative to patient attenuation. Automatic exposure 

control (AEC) is either size dependent, Z axis dependent, rotational dependent and/or sometimes 

a combination of all three factors13,25. For size dependent AEC, the tube current is adjusted based 

on the overall size of the patient with the same mA being used for the entire scan. The Z axis 

AEC is adjusted for each rotation of the x-ray tube and the mA would be low through thinner 

regions and higher through thicker region. The rotational AEC involves rapid increase and 

decrease of tube current during the course of each rotation with the amplitude of the mA 

modulation reflecting the patient symmetry13,25,35. 

The benefits of AEC include consistent image quality, reduced tube loading and potential 

for dose reduction through exposure optimization. Dose reduction is accompanied by reduction 

of image quality, but the main goal is to achieve diagnostic image quality without any 

implications on the clinical usefulness of the CT images. The AEC systems will not 

automatically lead to a reduction in patient dose and therefore clinical use of AEC system 

requires careful consideration of the scan parameters. Table 13 shows the different AEC systems 

available for different scanner types and Appendix G gives a brief description of the various tube 

modulation techniques. 

 

Table 13: AEC systems on multi slice CT scanners20 

Manufacturer Patient size AEC Z-axis AEC Rotational AEC 

GE Auto mA SmartmA 

Philips DoseRight ACS DoseRight Z-DOM  

Siemens CAREDose 4D CAREDose 4D/CareDose 

Toshiba SUREExposure  
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Milliamperage (mA) and Time (s) 

Milliamperage-second (mAs) is the product of tube current and rotation times and affects 

the final image quality.   Radiation dose is linearly related to mAs as shown in figure 7 and 

therefore reducing the mAs by half will cut the dose in half. The relationship between mAs and 

breast dose is shown in table 14 and shown in figure 7. Optimal mAs is very difficult to define 

since it is varies with each patient and type of scan. It is important to note that two manufacturers 

(Siemens and Philips) report the mAs as effective mAs; which is defined as the true mAs/pitch. 

The distinction between mAs and effective mAs becomes important when scan parameters are 

manipulated for dose reduction.  

Breast doses in this study were determined for mAs ranging from 80 to 320 mAs, the 

additional scan parameter were 120 kVp, 360 mm FOV, pitch of 1 and collimation of 40 mm 

(NxT = 64 x 0.625). A Variety of tube modulation can be applied to determine the mA as 

previously explained. If tube modulation is not available some recommendations are provided in 

the literature such as those shown in table15 for an abdomen CT procedure. 

 

Figure 7: Breast absorbed dose from GE Lightspeed VCT as a function of total mAs  
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Table 14: Effect of mAs on absorbed breast dose (Scan parameters - 120 kVp, 360 mm FOV, 

pitch of 1 and beam collimation of 40 mm) 

mA Time (sec) mAs Abd. Breast dose (mGy) 

100 0.8 80 9.1 
125 0.8 100 11 
250 0.8 200 23 
325 0.8 260 29 
400 0.8 320 36 

 

Table 15: Recommended mAs for abdominal scans based on standard mAs set for 40 cm lateral 

width.35 

Patient width (cm)* Relative mAs 

>21 – 26 0.4 

> 26 - 31 0.5 

> 31 - 36 0.7 

> 36 - 41 1.0 

> 41 - 46 1.4 

> 46 - 51 2.0 

* measure lateral patient scout width from AP scout at liver. 

 

b) Pitch 

The pitch is defined as the ratio of the table movement per rotation to the beam width (N . 

T) for multislice CT scanners. For a single slice CT scanners pitch refer to the ratio of the table 

movement per rotation to the beam collimation of the detector array. A pitch of 1 is generally 

used to reduce z-axis blur, a pitch of less than 1 indicates overlapping scan and a pitch of greater 

than 1 indicates a scan in gap. Pitch is non-linear with regard to absorbed dose as shown in 

Figure 8 since it a function of both the number of detector channels and width of the slice.  

For this study, absorbed breast dose was determined for five different pitch settings of 

0.6, 0.8, 1, 1.2 and 1.4. The other scan parameters included: 120 kVp, 360 mm FOV, 40 mm (64 

x 0.625) beam collimation and constant mAs of 240. The results are tabulated in table 16. 
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Figure 8: Breast absorbed dose from GE Lightspeed VCT as a function of pitch 

 

 

Table 16: Effect of pitch on absorbed breast dose. (Scan parameters - 120 kVp, 360 mm FOV, 40 

mm beam collimation and constant mAs of 240) 

Pitch Absorbed Breast dose (mGy) 

0.6 45 
0.8 34 
1 27 

1.2 23 
1.4 19 

 

 An increase in pitch will proportionally decrease the scan time, hence decreasing the 

overall radiation dose, if the tube voltage (kVp) and tube current (mA) remain constant for single 

slice scanner. However, for multislice CT (MSCT) scanners, the relationship between pitch and 

dose is slightly different, since noise is dependent on the pitch of the scanner. Therefore in 

MSCT as the pitch is varied, the scanner software automatically increases or decreases the mA to 

keep the image noise constant. This is particularly the case in the GE scanner, where 

manipulation of the pitch, image width and detector configuration automatically changes the mA 

to keep the noise relatively constant. For Philips and Siemens scanner that use effective mAs, the 

manipulation of pitch has very little effect on the noise. 
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c) Beam Collimation 

Beam collimation is defined as the product of the number of data channels and the effective 

detector row thickness. Therefore for a 32 x 0.625 mm configuration, the beam collimation will 

be 20 mm. The degree of patient exposure to x-rays is also influenced by the beam collimation 

due to overbeaming or penumbra effect87. CT x-ray beams are highly collimated to the target 

detector rows; however the beam is slightly wider than the detector rows. For multi detector CT 

scanners, the incident x-ray beam is approximately 2 mm wider that the selected detector 

configuration at both ends. The penumbra or overbeaming is smaller hence there is less “wasted 

radiation” for wider beams than it is for narrower beams25.  

The beam collimation greatly influences the pitch of the scanner as described earlier. When 

beam collimation is reduced while maintaining a constant pitch, the number of rotations will 

need to be increased, contributing to longer scan times and an increase in wasted radiation due to 

overbeaming. For example for acquisition for a 16 x 1.25 mm beam collimation, twice as many 

rotations will be needed as compared to a 16 x 2.5 mm acquisition. The z-axis geometric 

efficiency which describes the degree of the radiation beam needed to form an image in the z-

axis is greater for wider collimation then it is for narrow collimation as shown in table 17. The 

scan parameter used in this study to establish a relationship between breast dose and beam 

collimation  as shown in table 18 were 120 kVp, 150 mA, 0.8 sec, 360 mm FOV and pitch of 1 

with varying beam collimation of 1.25, 10, 20 and 40 mm. 

 

Table 17: GE 16 slice scanner Z-axis geometric efficiency in %  

Collimation Z-axis geometric efficiency (%) 

4 X 1.25 (5 mm) 67 

8 X 1.25 (10 mm) 83 

16 X 1.25 (20 mm) 97 
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Table 18: Effect of beam collimation on absorbed breast dose (Scan parameters -120 kVp, 150 

mA, 0.8 sec, 360 mm FOV and pitch of 1) 

Collimation (mm) Absorbed Breast dose (mGy) 

40 27 
20 29 
10 35 

1.25 46 
 

 Adaptive collimation was recently introduced at the Radiological Society of North 

America (RSNA) as a tool for dose reduction in CT. Siemens and Philips have now developed 

collimators which open and close asymmetrically during the course of the helical scan, thereby 

reducing the amount of unnecessary irradiation at the scan extremities. The extent of dose saving 

is dependent on the length of scan and the table feed. Dose savings of up to 25% can be obtained 

for short scan lengths at low table feeds29. 

 

d) Kilovoltage (kVp) 

Most CT systems do not provide users with flexibility to adjust kilovoltage (kVp) in a 

continuous manner although there are a few discrete settings possible. Tube kVp determines the 

quality and quantity of radiation. Table 19 shows the relationship between kVp and breast dose. 

Minor changes in the tube potential can result in significant changes in image noise and 

substantial change in radiation dose. For this study, breast dose was calculated for a chest CT 

with scan parameter of 300 mA, 0.8 sec, 360 mm FOV, pitch of 1 and collimation of 40 mm 

(64*0.625). The breast dose was estimated for 4 different kVp settings of 80, 100, 120 and 140 

kVp. The results are tabulated in table 19 and figure 9 shows the relationship between kVp and 

breast dose.   

According to Koop, most of the abdominal CT examinations can be done using 120 kVp and 

achieve a 20 – 40 % reduction in radiation dose compared to a value at 140 kVp. Published 

values indicate that a reduction from 140 to 120 kVp will decrease the absorbed dose over 

30%42. From this study as shown in table 19, it can be seen that the breast dose can be reduced 

by 33% by performing a chest CT at 120 kVp in comparison to 140 kVp. Further, it is noted that  
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pediatric CT examinations can be successfully performed using 80 or 100 kVp resulting in 

sufficient image quality, while at the same time limiting total dose. 

There is ongoing research for optimization of tube kilovoltage (kV) used in scanning 

protocols with the goal of reducing dose. Low kilovoltage settings are limited to pediatric 

studies, however it is now convenient to use lower kilovoltage settings due to higher power 

capability modern CT scanners29.Lower kV improves contrast to noise ratios for the same dose 

particularly in contrast studies72. 

 

Table 19: Effect of kVp on absorbed breast dose. (Scan parameters - 300 mA, 0.8 sec, 360 mm 

FOV, pitch of 1 and collimation of 40 mm) 

kVp Absorbed Breast dose (mGy) 

80 7.3 
100 21 
120 27 
140 41 

 

Figure 9: Breast absorbed dose from GE Lightspeed VCT as a function of kVp 
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7. MAMMOGRAPHY 

 

Mammography is a highly effective imaging tool for detecting breast cancer. Most 

standard mammography exams consists of two views of each breast, the craniocaudal (CC) and 

mediolateral oblique (ML) views. On October 1, 1994, the United States Congress approved the 

Mammography Quality Standards Act (MQSA) that requires mammography facilities to adhere 

to strict quality standards. MQSA was created by the U.S. Food and Drug Administration (FDA) 

and requires any facility that provides mammograms to be accredited by the FDA or an FDA-

approved accreditation body22. It also requires certification by individual states and annual 

MQSA inspections performed by a medical physicist.  

The optimal x-ray energy is achieved by the use of specific x-ray tube target materials to 

generate characteristic x-rays. X-ray attenuation filters are used to remove the undesirable high 

and low energy x-rays in the bremsstrahlung spectrum. Molybdenum (Mo), rhodium (Rh), 

ruthenium (Ru), palladium (Pd), silver (Ag) and cadmium (Cd) generate characteristics x-rays in 

the desirable energy in mammography. Molybdenum and rhodium are the two most commonly 

used x-ray tube targets is mammography that produce characteristic x-ray peaks at 17.5 and 19.6 

keV for Mo and 20.2 and 22.7 keV for Rh. The common filters use in mammography includes a 

0.03mm thick Mo filter and 0.025mm thick Rh filter in addition to approximately 1mm thick of 

beryllium filter14. The Mo and Rh filter absorb x-ray energies that are not useful for image 

formation hence reducing entrance dose to the breast. The average energy of Rh/Rh source 

assembly is greater than that of Mo/Rh assembly, which is in turn greater than Mo/Mo assembly 

as shown in Table 20. 
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Table 20: Average Energies of various target/filter combination14. 

Tube voltage 

(kVp) 

Target/filter 

combination 

HVL (mm) Average Energy 

(keV) 

25 Mo/Mo 0.36 17.2 

 Mo/Rh 0.36 17.7 

 Rh/Rh 0.36 18.1 

27 Mo/Mo 0.38 17.6 

 Mo/Rh 0.38 18.0 

 Rh/Rh 0.38 18.7 

29 Mo/Mo 0.42 18.1 

 Mo/Rh 0.42 18.4 

 Rh/Rh 0.42 19.3 

 

In mammography, breast compression is a necessary component of the examination. Firm 

compression is needed to spread the breast tissue out over a larger area to reduce overlapping of 

anatomy, thus reducing the breast thickness. Compression is achieved using a flat Lexan plate 

compression paddle that matches the image receptor in size and shape. The compression applies 

a force of approximately 22 to 44 pounds on the breast tissue14. Breast compression significantly 

reduces the ratio of the scattered to primary radiation for better image quality, and, due to 

decreased thickness result in less absorbed dose.  

 

7.1 NORMALIZED GLANDULAR DOSE 

 

The average glandular tissue dose in mammography is generally determined from 

published tables of normalized average glandular dose (DgN) and with the knowledge of breast 

entrance skin exposure which is dependent on the following factors: x-ray tube target material, 

beam quality (half value layer), breast thickness and breast composition. Various investigators 

have published normalized glandular dose values, using different simulation methods and 

geometries10,84,85. The tabulated normalized glandular dose coefficient values produced by 

different investigators are small ( < 6% reported), as compared with the larger errors that incur  
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due to making wrong assumptions or generalization about an individual patient’s breast size and 

composition characteristics10. For this paper, the normalized glandular dose coefficient values 

accepted by the American College of Radiology (ACR) were used, which certifies the 

mammography machines under the Mammography Quality Standards Act (MQSA).  

The geometry of the breast used for Monte Carlo simulations is depicted in figure 10. It 

was assumed to an elliptical cylindrical shape with a uniformly distributed mixture of glandular 

and adipose tissue contained within a 0.4 cm thick layer of skin. This representation is typical for 

a craniocaudal projection of a compressed breast. Simulations were carried out for breast 

thickness from 3 to 8 cm and three breast compositions were studied namely: 100% glandular 

(0% adipose), 50% glandular 50% adipose and 0% glandular (100% adipose) for the published 

values of DgN. The simulated x-ray energies ranged from 7.5 to 34.5 keV84,85. Further, at a given 

tube potential, different HVLs were obtained by varying the thickness of the compression 

paddle. The normalized dose coefficient values for three different breast composition (100% 

glandular, 50% adipose 50% glandular and 100% adipose) as a function of half value layers and 

kilovoltage are tabulated in appendix F.   

 

Figure 10: Depiction of breast model used in mammography84. 

 

 

Normalized glandular dose is a function of breast thickeness, target/filtration 

combination, breast composition and kVp. As the thickness of the breast increases, the 

normalized glandular dose decreases since the entrance beam is attenuated by the surface of the 

breast tissue (surface dose increases). With thinner breasts the attenuation of the entrance beam  
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is less and hence the normalized glandular dose increases. The normalized dose coefficient for 

Rh/Rh are greater than Mo/Rh which is in turn greater than Mo/Mo target/filter combinations at 

a given kVp, breast composition and thickness. At a given kVp, HVL and breast thickness and 

composition, normlaized dose coefficients for Mo-Rh is 0-6% greater than for Mo/Mo and for 

Rh/Rh it is 2%-6% greater than Mo/Mo. These difference are similar for 100% glandular and 

100% adipose breast composition.The characteristic x-rays for Mo (17.5 and 19.6 keV) are less 

than that of Rh (20.2 and 22.7 keV) hence the effective energy is greater for Rh, which leads to 

an increase in the normalized dose coefficients. 

Normalized glandular dose increases with an increase in kVp since the effective energy 

of the x-ray beam is higher with increased kVp. The HVL is strongly influence by the lower 

energy component of the x-ray spectrum, while the DgN is influenced by the higher energy 

components. Using the same HVL and kVp, the mean energy of the x-ray intensity spectrum is 

greater for Rh/Rh than it is for Mo/Rh. Additionally, the normalized glandular dose is greater for 

a breast that has more adipose tissue than glandualar tissue. With increase adipose tissue there is 

less glandular tissue and when exposed to radiation, the dose is concentrated over a small 

fraction of glandular tissue.  

For comparison, normalized dose coefficients were plotted as a function of Mo/Mo, 

Mo/Rh and Rh/Rh target/filter combinations (figure 11), kilovoltage (figure 12), breast thickness 

(figure 13) and breast composition; 100% glandular, 50% glandular and 50% adipose and 100% 

adipose (figure 14). 
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Figure 11: Normalized glandular dose coefficients as a function of breast thickeness for 50% 
glandular, 50% adipose breast composition at 29 kVp for Mo/Mo 

 

 

Figure 12: Normalized glandular dose coefficients as a function of target/filtration combination 
for 50% adipose, 50% glandular breast tissue at 27 kVp/ 0.38 mm Al filtration. 
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Figure 13: Normalized glandular dose coefficients as a function of kVp 50% adipose, 50% 
glandular breast tissue for Mo/Mo. 
 

 

Figure 14: Normalized glandular dose coefficients as a function of breast composition. 

 

 

 

 

 

 

 

 

 

 

0

50

100

150

200

250

300

0 2 4 6 8 10

N
o

rm
a

li
ze

d
 g

la
n

d
u

la
r 

d
o

se
 

(m
ra

d
s/

R
)

Breast thickness (cm)

100% glandular

50%gland50%adipose

100% adipose

50

100

150

200

250

300

2 4 6 8 10

N
o

rm
a

li
ze

d
 g

la
n

d
u

la
r 

d
o

se
 

(m
ra

d
s/

R
)

Breast thickness (cm)

Mo/Mo

Mo/Rh

Rh/Rh

27 kVp / 0.38 mm



 

42 

 

7.2 LIMITATIONS OF NORMALIZED GLANDULAR DOSE VALUES 

 

There are five systematic errors reported for DgN published values by Wu84: 

1)  Normalized dose coefficient values were computed for a source to image distance of 60 

cm, clinically this distance ranges between 50-75 with 60-65 being the most common 

distance. These values are very slightly affected by source to image distance, only a 1.3% 

change was seen when the distance was decreased to 50 cm from 65 cm. 

2) There are uncertainties of up to 2% in the published normalized dose coefficient values 

due to photon interaction cross section data used for simulation. 

3) Normalized dose coefficient values are dependent on the cross section of the breast; 

typically DgN decreases for smaller breast cross sections (12 x 4 cm) and increases for 

larger breast cross sections (22 x 10 cm) 

4) The anode heel effect was not taken into consideration whereby the relative exposure 

decreases as the distance from the chest wall increases. 

5) With regard to geometry, skin thickness has a large influence on the DgN values ranging 

from 11.8% for 6mm to 15.2 % for a 2mm thick skin layer10. 

 

7.3 GLANDULAR DOSE FROM MAMMOGRAPHY 

 

 The glandular tissue is the most radiosensitive and the most common site for breast 

cancer carcinogenesis, thus in mammography the preferred dose index is average glandular dose.  

Estimation of glandular dose is not trivial since it is based on the entrance skin exposure that 

travels in the breast at different depths therefore depositing varying dose amounts. The average 

glandular dose is calculated using equation 9 below:                          

       equation 9 

   

where Dg is the average glandular dose,  is the entrance skin exposure (ESE) in roentgens 

and  is an ESE to the average glandular dose conversion factor with units of mGy/R or 

mrad/R.  The ESE is measured using an ionization chamber at a given kVp, mAs and beam  
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quality (filtration).The  values are essentially roentgen to rad conversion values. It is 

dependent on the following factors: radiation quality i.e. kVp and half value layer, x-ray tube 

target material, filter material, breast thickness and tissue composition. 

 

Table 21: Published Glandular dose from various breast thickness and target/filter combination84.  

Source 
Assembly 

Tube 
Potential 
(kVp) 

HVL 
(mm of 
Al) 

Breast 
thickness 
(cm) 

Entrance skin 
exposure (R) 

DgN  
(mrad/R) 

Average 
Glandular 
Dose (mrad) 

Mo/Mo 25 0.32 3 2.74E-01 2.19E+02 6.00E+01 

   
5 1.23E+00 1.34E+02 1.65E+02 

   
7 6.80E+00 9.40E+01 6.39E+02 

 
27 0.34 3 1.90E-01 2.34E+02 4.45E+01 

   
5 9.14E-01 1.44E+02 1.32E+02 

   
7 4.11E+00 1.01E+02 4.15E+02 

 
29 0.37 3 1.63E-01 2.58E+02 4.21E+01 

   
5 6.89E-01 1.61E+02 1.11E+02 

   
7 2.65E+00 1.14E+02 3.02E+02 

Mo/Rh 25 0.38 3 1.58E-01 2.59E+02 4.09E+01 

   
5 7.03E-01 1.62E+02 1.14E+02 

   
7 3.11E+00 1.15E+02 3.57E+02 

 
27 0.4 3 1.31E-01 2.72E+02 3.56E+01 

   
5 5.70E-01 1.72E+02 9.80E+01 

   
7 2.28E+00 1.22E+02 2.78E+02 

 
29 0.42 3 1.24E-01 2.84E+02 3.52E+01 

   
5 4.68E-01 1.80E+02 8.42E+01 

   
7 1.77E+00 1.28E+02 2.26E+02 

Rh/Rh 25 0.35 3 1.49E-01 2.51E+02 3.74E+01 

   
5 6.19E-01 1.59E+02 9.84E+01 

   
7 2.47E+00 1.13E+02 2.79E+02 

 
27 0.38 3 1.16E-01 2.69E+02 3.12E+01 

   
5 4.24E-01 1.73E+02 7.34E+01 

   
7 1.56E+00 1.24E+02 1.93E+02 

 
29 0.42 3 8.90E-02 2.95E+02 2.63E+01 

   
5 3.31E-01 1.93E+02 6.39E+01 

   
7 1.11E+00 1.40E+02 1.55E+02 
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7.4 FACTORS THAT AFFECT GLANDULAR DOSE IN MAMMOGRAPHY 

There are several factors that affect the dose to the glandular tissue in mammography. These 

include: 

a) Breast thickness  

The thickness of the compressed breast represents a factor that strongly affects the absorbed 

dose to the breast. For  50% glandular 50% adipose breast tissue composition imaged using a 

Mo/Mo target/filter combination at 27 kVp with 0.34 mm Al filtration, a 2cm increase in breast 

thickness can increase the glandular dose by approximately 66%. At constant breast thickness, 

the average glandular dose can vary by a factor of 5 or 6, indicating the differences between 

radiation absorption depending on breast composition38.  

 

b) Kilovoltage (kVp) 

The choice of kilovoltage is based on the breast characteristic of the patient which is 

primarily dependent on composition and thickness. For average breast size, typically 25-28 kVp 

is used, the kVp is higher for dense breasts as compared to thin breasts. Approximate values of 

kVp as a function of breast thickness and composition for Mo/Mo target/filter combination is 

given in table 22.An increase is kVp is also required when anti-scatter grids are employed to 

minimize scatter radiation from reaching the image receptor.     

 The half value layer (HVL) for mammography is in the order of 0.3 to 0.45 mm of Al and 

is dependent upon kVp and target/filter combination. Generally, HVL increases with higher kVp 

and higher atomic number targets and filters. The maximum half value layers based on 

target/filter combination as required by the American College of Radiology (ACR) accreditation 

guidelines14 are tabulated in table 23. Estimation of average glandular dose requires accurate 

assessment of kilovoltage and half value layer since the normalized glandular dose coefficients 

are a function of both these factors. Clinically, higher kVp that result in higher effective energy 

are used for greater penetration of more dense and thicker breasts. Higher kVp settings require 

higher half value layer, therefore increasing the beam penetrability and hence resulting in lower 

entrance skin exposure and lower average glandular dose.  
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Table 22: Approximate values of kVp as a function of breast thickness and composition for 

Mo/Mo target/filter combination14. 

 Breast Thickness (cm) 
Breast 
composition 

2 3 4 5 6 7 8 

Adipose 24 24 24 24 25 27 30 
50/50 24 24 24 25 28 30 32 
Glandular 24 24 26 28 31 33 35 
 

 

Table 23: American College of Radiology (ACR) Recommendations for maximum HVL (Al 

filtration)14. 

Tube voltage 
(kV) 

Mo/Mo Mo/Rh Rh/Rh W/Rh 

24 0.36 0.43 0.46 0.54 
26 0.38 0.45 0.48 0.56 
28 0.40 0.47 0.50 0.58 
30 0.42 0.49 0.52 0.60 
32 0.44 0.51 0.54 0.62 

 

c) Target/filter combination 

The dose is the least for Rh/Rh target filter combination an  greatest for Mo/Mo 

combination. From the table 21 it can be seen that the mean glandular dose for Rh/Rh 

combination was 42% less when compared to Mo/Mo, however mammograpms obtained with 

Rh/Rh combination tend to carry an overall decrease in contrast. For a 5 cm thick breast at 29 

kVp, the reduction for Mo/Rh combination and Rh/Rh combination compared with those for 

Mo/Mo are 24% and 42% respectively. For a 3 cm breast thickness the reduction are 16% and 

38% for Mo/Rh while for a 5cm breast thicknes the reductions are 25%  and 49% for Rh/Rh. 

 

d) Breast composition 

The female breast is a homogeneous mixture of adipose (fatty) and fibroglandular tissue. 

The composition of the breast is characterized based on glandularity which is defined as the 

weight percentage of fibroglandular tissue. The degree of glandularity is variable among 

individuals, but it can be associated with age and breast thicknesses; younger women comprise  
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have a greater fraction of glandular tissue compared to adipose tissue. Clinically, it is difficult to 

accurately estimate the average glandular dose since the breast composition is not known for 

individual patients. 

Breast composition affects the glandular dose since greater penetration techniques are 

required to image a dense breast. Variation of dose with thickness is based on increased 

kilovoltage (kVp) and milliamperage second (mAs).  Conventionally 50/50 adipose/glandular 

composition is assumed, however, it has been found that this assumption can lead to an 

overestimation of the average glandular dose by up to 13% over a given age range. This error can 

be reduced 8% by using the compressed thickness to estimate glandular composition and further 

the error can be reduced to 1% by using both age and breast thickness to estimate breast 

composition9. 
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8. METHODS OF REDUCING BREAST DOSE. 

 

Alternative imaging techniques 

 In most cases, ultrasound (US) and Magnetic Resonance Imaging (MRI) represent safer 

alternative than Computed Tomography (CT) and nuclear medicine (NM). Breast MRI is used to 

differentiate between malignant and benign lesion and can be used to determine the extent of 

tumor after breast cancer is diagnosed using mammograms30. Another benefit of breast MRI is 

it’s usefulness in imaging dense breast tissue, quite often found in younger women who are more 

susceptible to ionizing radiation than older women. While breast MRI is useful in detecting 

tumors in dense tissue, it cannot detect microcalcifications which are readily detected in 

mammography. MRI technology has also been just as promising in other routine chest imaging 

studies such as cancer follow-up and is prefered for patients with iodinated contrast allegy or 

with renal insufficiency. Evaluation of pulmonary embolism is a common request for CT and 

nuclear medicine imaging of the chest, especially in emergency situations. The use of Magnetic 

Resonance Angiography (MRA) for the evaluation of pulmonary embolism is a develpoing 

area17. The main downfalls of MRI include high costs of exams and longer imaging times.  

 Diagnostic ultrasound is another valuable tool used to image palapble masses that are not 

seen or evaluated using mammography. Similarily to MRI, it can also used to distinguish 

between benign and malignant cancerous tissue, which minimizies the need for surgical 

intervention. Ultrasound is most commonly used for cystic aspiration and needle guided biopsy 

of the breast.  

Manipulation of scan parameters and Bismuth breast shielding in CT 

As discussed previously, various scan parameters such as the pitch, kVp, mAs and beam  

collimation can be manipulated to decrease dose in computed tomography  (Table 14, 16, 18 and 

19). However, each manipulation is usually associated with some trade-off in image quality and 

the potential loss of diagnostic information. 

 Another developing area in computed tomography is the use of bismuth breast shield. 

Bismuth is the material of choice for CT shielding since it is effective in absorbing the lower 

energy x-rays without further comprising the image quality. These in-plane shields are  
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approximately 1 mm in thickness and can be placed over the female breast during CT scanning87.  

A study published in the Journal of Computed Assisted Tomography reported that the breast 

shield enabled a 40.53% reduction in absorbed breast dose for adult patients88.  A more recent 

study published in the American Journal of Roentgeonology showed that the bismuth breast 

shield reduced the breast dose by 26% when fixed mA was utilized. Bismuth breast shielding in 

addition to automatic tube modulation allowed for even a further reduction of breast dose to 

approximately 52% in pediatric patients11. Many more studies have demonstrated the 

effectiveness of bismuth breast shields however; they are not commonly used clinically due to 

image quality concerns and lack of knowledge of their existence.  

 

Digital mammography 

Digital mammography offers features that can help in some dose reduction. It employs 

low noise detectors with higher detection efficiency than screen/film combinations, which makes 

it more beneficial. Results have shown an overall reduction of average glandular dose by 27% 

for digital over screen/film mammography. The dose saving is approximately 15% for thin and 

thick breasts, while it was between 30% to 40% for intermediate thicknesses40. For very thick 

breasts, the difference decrease due to the preference for Rh/Rh and high kVp by both systems 

and the breast absorption in intrinsically high. Digital mammography also offers different 

exposure modes that can reduce dose to the breast but by compromising the image quality. Table 

24 shows three different modes (CNT, STD and DOSE) that can be used to reduce breast doses. 

 

Table 24: Average glandular dose as a function of different modes used in digital 
mammography. 

 
Mode Target/filter kVp mAs HVL Entrance 

exposure (R) 
DgN 

(mrads/R) 
Average 

Glandular 
Dose (mrad) 

CNT Rh/Rh 29 68 0.42 722 214.5 152.7 
STD Rh/Rh 29 39 0.42 417 214.5 88.2 

DOSE Rh/Rh 29 31 0.42 334 214.5 70.6 
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Risk versus benefit  

The three main principles of an effective radiation protection program in any radiologic 

modality should be based on justification, optimization and dose limitations. Justification should 

be based on benefits of each exposure in effort to reduce dose to patients undergoing radiological 

procedures. Optimization in essence is following the ALARA (As Low As Reasonably 

Achievable) procedure to ensure that the doses delivered to patients optimal without 

compromising image quality. The concept of dose limitation is an important factor is reducing 

stochastic effects of radiation. The legalities of justification and optimization principles remain a 

subject of great discussion due to medical malpractice cases. Lack of dose limits and variation in 

performing procedures among different institution make reduction of doses difficult.  

 

9. CAN DOSES FROM EACH DIFFERENT MODALITY BE 

COMPARED? 

 

The application of geometrical phantoms used for dose estimation in diagnostic radiology 

can incur errors in the calculation of absorbed dose due to anatomically incorrect organ shapes 

and distribution and unrepresentative body dimensions. From the study it is noted that each 

modality uses different phantoms to calculate absorbed doses. The Cristy phantom (modified 

MIRD phantom) used to estimated breast dose is based on a fifteen year old child which is not a 

true representation of the adult female population in the United States19. The ImPACT CT 

dosimetry calculator uses its own adult, hermaphrodite, mathematical phantom23. In contrast, 

mammography uses a dedicated breast model to estimate glandular dose only and the total breast 

dose is generally not reported in mammography84. However, many authors make comparisons of 

breast doses without taking into consideration the geometrical difference in approaches used in 

each different modality. For purpose of illustration and comparison the three phantom are shown 

in figures 1,5 and 10.  

Absorbed doses based on both the Cristy and MIRD phantom as used in nuclear medicine 

have been used to estimate CT doses and are compared to doses reported using the CT ImPACT 

dosimetry calculator. Based on published values, using conventional techniques the absorbed 

doses are underestimated by approximately 22% for a 15 year old phantom and overestimated by  
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approximately 11% for an adult phantom. On the other hand, the MIRD phantom agrees within 

11% of all the different organ doses values when compared to the ImPACT dose values37. 

 In addition, it is clinically difficult to accurately estimate the normalized average glandular 

dose since the breast composition is not known for individual patients. Conventionally, 50% 

adipose/50%glandular composition is assumed; however, it has been reported that this 

assumption can lead to an overestimation of the average glandular dose by up to 13%7. 

A study published in Nuclear Medicine Communications reported female breast doses from 

FDG PET/CT examination. The breast doses were measured using thermoluminescence 

dosimeters instead of using data based on Monte Carlo modeling. The average superficial and 

glandular breast doses of the anthropomorphic phantom measured from low dose CT was 9.50 

mGy and 5.94 mGy respectively. The mean superficial breast dose to the breast skin measured 

was 14.42 mGy for PET/CT studies47. This particular study demonstrated that breast dose is not 

uniform across the breast and the comparison of glandular dose from mammography with overall 

breast doses from nuclear medicine and computed tomography is not accurate.  
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10. CONCLUSION 

 

 There is clearly an increased concern about breast doses from nuclear medicine and 

diagnostic radiology. Mammography is very strictly regulated in the United States, however the 

breast doses from other modalities such as computed tomography and some nuclear medicine are 

greater than the limit set by the MQSA standards. Absorbed doses from different radiologic and 

nuclear medicine cannot be easily compared because each modality uses a different model to 

calculate the dose. Further, in mammography the breast dose is reported in terms of glandular 

dose while in nuclear medicine and computed tomography the breast dose reported is averaged 

over the whole tissue. This calls for standardization in the way absorbed breast doses are 

reported in diagnostic radiology and nuclear medicine in order to make accurate comparisons 

amongst the different modalities. Breast doses are reported in different indexes, therefore breast 

doses from mammography cannot be compared to those from nuclear medicine and CT 

procedures.  
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11. FUTURE WORK 

 

One limitation of the ImPACT CT dosimetry calculator is this work was that the calculator  

does not take into account automatic tube modulation. Therefore, the breast dose calculated in 

this study is not precise. The NPRB is modifying the current calculator to accommodate for 

automatic tube modulation, which is to be called “NRPB’s son”. Recommended future work 

would be to re-calculate the breast doses when the new dosimetry calculator becomes available.  

Also for this study doses from CT scanner beyond 64 slices were not calculated. The Monte 

Carlo simulation data is currently not available for scanner beyond 64 slices such as the 128, 256 

and 320 slice scanners which are on the market. Very few of these scanners exist in the United 

States and therefore were not included in this study. Future works could include estimating 

breast doses from the 128, 256 and 320 scanners. Further for digital mammography, the 

glandular dose could be estimated for various target/filter combination for various breast 

thickness.  
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APPENDIX A 

 
BREAST ANATOMY 
 
 The female breast tissue comprised of glandular, fatty and fibrous tissues. They are 

located over the pectoralis major muscle and are attached to the sternum. The functional parts of 

the breast include: lobes, lobules, ducts, areola, nipple, fat and blood vessels. Each breast is 

composed of 15-20 lobes, which are arranged in a circular pattern. The lobes are made up of 

smaller lobules which are the milk producing glands.  

During lactation, sensory bulbs located distally on the bulbs respond to hormonal signals 

from the mother to produce breast milk. The ducts are used as passages for the transportation of 

breast milk from glandular tissue to the nipple. Fat covers the spaces between the lobules and 

ducts. During lactation the breast becomes highly lobulated. Figures 16 and 17 show the 

difference between lactating and non-lactating breast tissue.Newer research in breast anatomy 

has draws the following conclusions about the breast anatomy: 1) glandular tissue is found closer 

to the nipple than previous thought, 65% of the glandular tissue is located within 30mm from the 

base of the nipple 2) the ratio of glandular to fat tissue rises to 2:1 in the lactating breast, 

compared to 1:1 ratio in nonlactating breast.  
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APPENDIX B: COMPOSITON OF COMPOUNDS CITED 

 

CHEMICAL COMPOUNDS  

DISIDA = disofenin (iminodiacetic acid derivative) 

DMSA = Dimercaptosuccinic acid 

DTPA = diethylenetriaminepentaacetic acid 

EDTA = ethylenediaminetetraacetic acid 

HAM = human albumin microspheres 

HMPAO (Ceretec) = Hexamethylpropyleneamineoxine 

MAA = microaggregagted alumin 

MAG3 = mercaptoacetyltriglycine  

MIBI = methoxyisobutyl isonitrile 

MIGB = metaiodobenzylguanidine 

MDP = methyl disphosphate 

OIH = orthoiodohippurate  

PYP = pyrophosphate 

RBC = red blood cells 

WBC = white blood cells 
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APPENDIX C 

 

BREAST DOSE FROM LINE SOURCE ATTENUATION CORRECTION IN SPECT 

The attenuation correction component of Siemens e.cam consists of collimated line 

source arrays directed toward the e.cam detectors across the patient. The nominal source-detector 

distance is about 1.2 meters. Source arrays are normally covered by shutters, collimators and 

absorbers to reduce emissions to background levels.  Beams are normally activated only during 

transmission measurement are being performed and are otherwise deactivated. The source 

collimator controls the solid angle emissions to an angular range approximately 60 by 60 or about 

8.6 msr.  

Each wing of profile contains multiple source holders oriented and fixed in position 

relative to the target detectors. Individual source holders are designed to contain one 

encapsulated 153Gd line source each. The line sources are 3mm in diameter and approximately 

19cm long. The most intense line source of the array will contain upto 740 MBq (20 mCi) of 
153Gd each. Total activity per group of 14 sources illuminating one detector is upto 3.7 GBq (100 

mCi). Single detector systems will be loaded wih up to 3.7 GBq (100 mCi) total while dual 

detector systems will be loaded with up to 7.4 GBq (200 mCi) total.  

To approximate the radiation dose, calculations are performed in a simplified manner and 

by approximating the worse case upper bound for dosages. The array of line sources is 

approximated as a sheet source with parallel collimation. This source has an effective activity 

density area in Bq/m2 given by: 

    Equation C1 

where I = the activity of the strongest line in the array (740 MBq)  

          L = the line length (19 cm)  

           s = the interline spacing (3.6 cm) 

Therefore the activity density of the equivalent sheet source for the worst case is : 

 A = 11 MBq/cm2 = 110 GBq/m2 

For a given tissue, the absorbed dose D can be estimated with the following equation, which is a 

summation of the contributions of the various gamma and x-ray emissions. 
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   Equation C2 

where nd = number of detector heads with wing arrays = 2 ( 1 for single detector system) 

 A  = the effective activity density of source ( 110 GBq/m2) 

 u  = utilization of the source collimator, 0.79 for a 6o by 60 collimator due to septal  

                      wall area.  

 Ω = solid angle defined by source collimation which is given by  

 Ts = exposure time, 15 min (900 sec). This is an overestimation, since many  

         attenuation measurements can be performed in approximately 5 min.  

n = fractional abundance of specific gamma ray emissions in the radionuclide decay   

       of Gd-153.  

      1.18 for 44 keV X-rays 

      0.28 for 97 keV gammas and 

      0.20 for 103 keV gammas 

Ey = energy of the gamma ray photons: 44 keV, 97 keV and 103 keV. 

tw = wall transmittance of source capsule, due to the stainless steel tubing of  

        thickness 0.73mm 

  

  

   

There is an additional factor due to the 0.50 mm copper (X-ray absorber) cover over 

the surface: 

  

   

  

 The net values for tw = 0.050, 0.67 and 0.71 for 44 keV, 97 keV and 103 keV  

 respectively. 

 tp = transmittance of the source beam through the body tissue to the tissue where  

                   the dose is estimated. 
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Table C1: Transmittance of source beam through body tissue 

Tissue 

 

Depth 

(cm) 

Transmittance (Tp) Mass absorption coefficient 

(µ/ρ) in cm2/gm x 10-2 

  40 keV 100 keV 40 keV 100 keV 

Thyroid 1.0 0.76 0.84 5.79 2.48 

Bone 1.0 0.76 0.84 45.1 4.59 

Breast 1.0 0.76 0.84 7.20 2.55 

Lung 3.0 0.45 0.60 7.29 2.55 

Gonads 3.0 0.45 0.60 6.95 2.54 

Red 

Marrow 

3.0 0.45 0.60 6.95 2.54 

Other 

tissues 

1.0 0.76 0.84 6.95 2.54 

 

 Using equation 10 and interpolated values from 40 keV and 100 keV for µ/ρ and Tp the dose to 

the breast is calculated as follows: 

 

Table C2: Data on energy, transmission values and mass attenuation coefficient on 153Gd. 

Ey (keV) n µ/ρ in cm2/g Tp Tw  Ey Tw Tp 

µ/ρ) 

44 1.18 6.89E-02 0.765 0.05 0.137 
97 0.28 2.78E-02 0.836 0.67 0.423 
103 0.2 2.31E-02 0.844 0.71 0.285 

 0.845 

 Equation 11 

    = (2)*(110GBq/m2)*(0.79)*(8.6)*(0.845 keVcm2/g) 

    = 0.0182 µrads 
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APPENDIX D 

BREAST DOSE FROM POINT SOURCE ATTENUATION CORRECTION IN PET 

 The radiation dose from a 137Cs or 68Ge point source used for attenuation correction by 

the emission method can be estimated using the point source geometry. The distance from the 

source to the patient is approximately 1.2 meters; the time to scan a patient for the worst case is 

15 minutes (900 seconds) with the average being about 5 minutes (300 seconds). The activity of 

the137Cs source is typically 20 mCi (740 MBq) and 11 mCi (407 MBq) for the 68Ge. 

 Using point source geometry and the assuming that 137Cs source (740 MBq) is 

approximately 1.2 meters away from the patient and the total scan takes 15 min (worst case 

scenario). On average the scan takes approximately 5-10 minutes. The breast dose is given by the 

following: 

  =    Equation D1 

where   

   = absorbed breast dose rate           

  S = source strength = 740 MBq = 7.4 X 108 γ/s       

  r = distance between patient and circumference of scanner = 120 cm  

  = energy of 137Cs = 0.662 MeV; energy of 68Ge = 0.511 MeV 

 = mass attenuation coefficient at 0.662 MeV = 0.0326 cm2/g 

 0.511 MeV = 0.0330 cm2/g 

 

= (0.662 MeV) = 1.414E-2 µGy/s 

 For a 900 s scan (assuming worst case scenario) 

D =  12.72 µGy for 137Cs  

= (0.511MeV) =6.076E-3 µGy/s 

For a 900 s scan (assuming worst case scenario) 

D =  5.468 µGy for 68Ge 
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APPENDIX E 

 

DESCRIPTION ON HOW TO CALULATE DOSE USING ImPACT DOSIMETRY 

CALCULATOR 

As part of a national survey of CT practice in the UK, the National Radiological 

Protection Board has developed a method for estimating absorbed dose to the organs of patients 

undergoing CT examinations. The dosimetric method utilizes normalized organ dose data from 

Monte Carlo calculations for an anthromorphic phantom and measured values for free-in air 

axial dose for particular models of scanner, these data allows details of clinical practice for each 

type of examination to be interpreted in terms of typical levels of patient dose. Below is a 

description provided in the dosimetry manual for determining absorbed organ doses51. 

Monte Carlo Calculation 

 Twenty three series of Monte Carlo calculation have been carried out modeling a range of 

exposure conditions relevant to twenty seven models of scanner. Each set of calculations 

involved simulated 3600 irradiation by a perfectly collimated fan beam of X-rays for every 5 mm 

transverse section of the phantom between the top of the legs and the top of the head, the term 

slab is used to denote the 5mm section of the phantom used in the Monte Carlo simulations. For 

all the 208 such contiguous slabs, the calculations provide estimates of normalized dose to 27 

organs or regions of the phantom. These normalized doses are expressed as absorbed dose in the 

organ relative to the dose on the axis of rotation of the scanner in the absence of the phantom.   

 Free in air axial dose 

 In order to use the normalized organ doses to estimate patient dose for an examination, it 

is necessary to have an appropriate measure of the free-in-air dose on the axis of rotation of the 

scanner. This takes into account the actual dose profiling arising from the imaging of a single 

slice in air using the scanning parameters in clinical use such as kVp, nominal slice width, focus 

to axis distance and filtration.  

 The quantity computed tomography dose index (CTDI) expressed in mGy provides a 

suitable way of characterizing the radiation output from individual CT scanner. Report NRPB-

R249 describes one way in which CTDI may be measured in free in the air using 

thermoluminescent dosimeters. The report also presents typical results for common models of  
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scanner operating under a range of conditions, which were determined during a program of 

CTDI measurements involving 75 UK scanners. 

Estimation of organ dose for a CT examination 

Several steps are required in order to use the normalized organ dose data to estimate 

patient dose for a specific CT examination on a specific scanner. 

Scanned volume 

It is first necessary to establish a scanned volume (v) within the mathematical phantom that is 

equivalent to the region of the patient being irradiated during a sequence of n slices each having 

a nominal width of w mm. This transfer could be achieved in terms of corresponding anatomical 

features if the extent of the examination is well defined or alternatively, the total length of scan 

(L in mm) for the examination could be kept constant: 

 L = w + c(n – 1)  Equation F1 

where c = couch increment (mm) 

 This allows the positions of the outer edges of the first and last scans to be determined for 

the phantom, either in terms of slab number (N) or distance relative to the base of the trunk (d in 

mm). The locations of the 208 numbered slabs within the phantom are shown in figure 5; if the 

origin of the long axis of the phantom is at the level of the base of the trunk, then No.1 extends 

from -100 to -95 mm and the slab No. 208 extends from 935 to 940 mm on this scale. The 

positions of the lower (dNbot in mm) and upper (dNtop in mm) faces of slab No. N are given by 

 DNbot = [(N – 1) X 5] – 100 Equation F2 

 dNtop = (N x 5) – 100   

Total normalized organ doses 

 It is necessary to identify which of the 5 mm slabs are either completely or only partly 

included in the scanned volume. Using the Monte Carlo data set appropriate for the model of 

scanner and the conditions of operation such as the applied potential, focus or axis distance and 

filtration, for each organ the sum should be determined of the normalized doses (Df) for all the 

slabs lying completely within the volume. The contributions from any partial slabs should also 

be added, in each case modifying the normalized doses for the entire slab by fraction lying 

within the scanned volume to give a total normalized dose for each organ (ΣvDf) over the region 

of interest.  
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Packing factor 

  In order to take account of possible differences in slice width and couch increment 

during a sequence of slices, it is necessary to determine the packing factor (p) for the irradiation: 

  Equation F3 

where L is the total length of scan, w is the width of the slice and n is the number of slices. 

 The packing factor spreads the radiation density evenly over the region of scan when 

slices are not contiguous such that 

p =1 for contiguous slices 

p>1 for overlapping slices 

p<1 for gaps between slices 

CTDI 

It is necessary to know the value of CTDI (in mGy) appropriate for a particular scanner under the 

conditions of exposure used for the examination. Ideally, this should be calculated from the free-

in-air axial dose profile recorded for the scanner at the specified settings of applied potential, 

slice width, focus to axis distance and filtration, taking into account the exposure setting (mA 

and time ) for the examination. Alternatively, typical values of CTDI normalized to exposure 

setting (CTDI in units of mGy per mAs) are tabulated in report NRPB-R249 for a range of 

models and exposure conditions.  

Organ doses 

The organ dose is then given be the product of total normalized organ dose for the scanned 

volume, the packing factor and the CTDI for the exposure: 

 D = CTDI x p x Σv Df     Equation F4 

Using equation 14-17 and the data on the normalized organ doses for computed tomography, it is 

possible to calculate organ does for various exposure conditions, however this process is tedious 

except for the simplest exposure conditions and therefore the EXCEL program is utilized. 
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APPENDIX F 

 

AUTOMATIC EXPOSURE CONTROL SYSTEMS IN CT 

AutomA – sets a desired image quality by entering a noise index (NI) and aims to achieve the 

same level of noise in each image 

SmartmA – varies the tube current sinusoidally during the course of each rotation. 

DoseRight ACS (automatic current selector) – provides patient bases AEC by use of the 

reference image 

DoseRight DOM (Dose modulation) – tube current is set so that 90% of images will equal or 

have lower noise than the reference image, with the remaining 10% of images in a series having 

equal or higher noise than the reference image. It also uses feedback from the previous rotation 

to access the amplitude of mA modulation used for rotational AEC 

CAREDose 4D – tends to use the “image quality reference mAs”. It adjusts the tube current by 

setting values that is higher or lower depending upon the reference mAs which is dependent on 

the patient attenuation relative to the Siemens reference patient size. 

SureExposure – operated by selecting a target image standard deviation (SD) from a drop down 

list.  A variable length reference position selector is used to highlight a particular region. The 

AEC setup allows tube current to be limited by maximum and minimum values. The AEC then 

uses the mean attenuation within the scan region to calculate the tube current through selected 

region  
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APPENDIX G 

PUBLISHED NORMALIZED GLANDULAR DOSE 

A) Normalized glandular dose values for 50% glandular 50% adipose for Mo/Mo in mrads/R84,85 

Tube voltage 
(kVp)  

Compressed  Breast Thickness (cm) 
 

 
HVL in 

mm 3 4 5 6 7 8 
23        
 0.24 166 126 100 82 69 60 
 0.26 179 135 107 88 75 65 
 0.28 191 145 115 95 80 69 
 0.30 203 155 123 101 86 74 
 0.32 216 164 131 108 91 79 
 0.34 228 174 139 114 97 84 

25        
 0.26 184 140 112 92 78 67 
 0.28 196 149 119 98 83 72 
 0.3 207 159 127 104 89 77 
 0.32 219 168 134 111 94 81 
 0.34 231 177 142 117 99 86 
 0.36 242 186 149 123 104 90 

27        
 0.28 199 153 122 101 85 74 
 0.3 211 162 129 107 91 79 
 0.32 222 171 137 113 96 83 
 0.34 234 180 144 119 101 88 
 0.36 245 189 152 125 107 92 
 0.38 256 198 159 132 112 97 

29        
 0.3 214 164 132 109 93 80 
 0.32 225 173 139 115 98 85 
 0.34 236 182 146 121 103 89 
 0.36 247 191 154 127 108 94 
 0.38 258 200 161 134 114 99 
 0.4 269 209 168 140 119 103 

31        
 0.31 221 171 137 114 97 84 
 0.33 232 180 145 120 102 89 
 0.35 243 189 152 126 107 93 
 0.37 254 197 159 132 113 98 
 0.39 265 206 166 138 118 102 
 0.41 276 215 174 144 123 107 

33        
 0.32 229 177 143 119 101 88 
 0.34 239 186 150 125 106 92 
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 0.36 250 195 157 131 112 97 
 0.38 261 203 164 137 117 102 
 0.4 272 212 172 143 122 106 
 0.42 282 221 179 149 127 111 

35        
 0.33 236 183 148 123 105 91 
 0.35 246 192 155 129 110 96 
 0.37 257 201 163 136 116 101 
 0.39 268 210 170 142 121 105 
 0.41 279 218 177 148 126 110 
 0.43 289 227 183 154 132 115 

 

B) Normalized glandular dose values for 50% glandular 50% adipose for Mo/Rh in mrads/R84,85 

Tube voltage 
(kVp)  

Compressed  Breast Thickness (cm) 
 

 
HVL in 

mm 3 4 5 6 7 8 
25        
 0.30 213 164 132 109 93 81 
 0.32 225 174 140 116 98 85 
 0.34 236 183 147 122 104 90 
 0.36 248 192 155 128 109 95 
 0.38 259 201 162 135 115 99 
 0.40 270 210 170 141 120 104 

27        
 0.34 239 186 150 125 106 92 
 0.36 250 195 157 11 111 97 
 0.38 261 204 165 137 117 101 
 0.40 272 212 172 143 122 106 
 0.42 283 221 179 149 127 110 
 0.44 293 230 187 156 133 115 

29        
 0.38 262 205 166 138 118 102 
 0.40 273 214 173 144 123 107 
 0.42 284 222 180 150 128 111 
 0.44 294 231 187 156 133 116 
 0.46 305 240 195 153 139 121 
 0.48 315 249 202 169 144 126 

31        
 0.40 274 215 174 145 124 108 
 0.42 285 223 181 151 129 112 
 0.44 295 232 189 158 135 117 
 0.46 306 241 196 164 140 122 
 0.48 316 250 203 170 146 127 
 0.50 326 259 211 177 151 132 

33        
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 0.42 286 225 183 183 130 113 
 0.44 296 233 190 159 136 118 
 0.46 307 242 197 165 141 123 
 0.48 317 254 205 172 149 128 
 0.50 327 260 212 178 153 133 
 0.52 338 269 220 185 159 138 

35        
 0.44 297 234 191 160 137 119 
 0.46 308 243 199 166 142 124 
 0.48 318 252 206 173 148 129 
 0.50 328 261 214 180 154 134 
 0.52 339 270 222 186 160 140 
 0.54 349 279 230 194 166 145 

 

C) Normalized glandular does values for 50% glandular 50% adipose for Rh/Rh in mrads/R84,85 

Tube voltage 
(kVp)  

Compressed  Breast Thickness (cm) 
 

 
HVL in 

mm 3 4 5 6 7 8 
25        
 0.30 214 166 134 111 95 82 
 0.32 226 176 142 118 101 88 
 0.34 239 186 151 126 107 93 
 0.36 251 196 159 133 113 98 
 0.38 263 206 167 140 119 104 
 0.40 275 216 175 147 125 109 

27        
 0.34 246 193 157 132 113 98 
 0.36 257 203 165 138 118 103 
 0.38 269 212 173 145 124 108 
 0.40 280 222 181 152 130 113 
 0.42 291 231 189 159 136 118 
 0.44 302 240 197 165 142 123 

29        
 0.38 274 217 178 150 128 112 
 0.40 284 227 186 156 134 117 
 0.42 295 236 193 163 140 122 
 0.44 306 244 201 169 145 127 
 0.46 316 253 208 176 151 132 
 0.48 326 262 216 182 156 136 

31        
 0.40 288 230 190 160 137 120 
 0.42 298 239 197 166 143 125 
 0.44 309 248 204 172 148 130 
 0.46 319 256 212 179 154 134 
 0.48 329 265 219 185 159 139 
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 0.50 338 273 226 191 164 144 

33        
 0.42 301 242 200 169 145 127 
 0.44 311 251 207 175 151 132 
 0.46 321 259 214 181 156 137 
 0.48 331 267 221 187 161 141 
 0.50 340 284 228 193 167 146 
 0.52 350 284 235 199 172 150 

35        
 0.44 313 253 210 178 153 134 
 0.46 323 261 217 184 158 139 
 0.48 333 270 224 190 164 143 
 0.50 342 278 231 195 169 148 
 0.52 351 285 237 201 174 152 
 0.54 360 293 244 207 179 157 
 

 


