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E. Estimates of Radiation Doses in Tissues and Organs'in the Single
Course Radiotherapy Patients Treated for Ankylosing Spondylitis 
in England and Wales 

The available data on patients with ankylosing' spondylitis who received 
4,5 

a single treatment course with x rays in the Doll and Smith study . were 

reviewed, to estimated some radiation doses in tissues and organs giving 

rise to excess leukemias and cancers of heavily irradiated sites. It was 

not possible to review the radiotherapy charts of each patient, and it was 

therefore necessary to make assumptions on, for example, the selection of 

patienis, the ~xteni and severity of disease) the method of therapy, the 

rad{otherapy dosimetry, and exposures, the tissues irradiated, and the doses 

absorbed. The number of assumptions was kept 'to a minimum; it was recognized 

that the selection of patients and the clinical courses of treatment chosen 

by the radiotherapist in individual cases were, understandably, extremely 

variable. In spite of these limitations, how.ever, it has been possible to 

make reasonable assumptions, to develop a model of what probably occurred in 

the radiotherapy planning and treatment of these patients, on the basis of 

conventional orthovoltage radiotherapy of the 1930s-1950s. The estimates of 

radiation doses absorbed thus derived, however, are imprecise and must be 

further corre'cted as new information becomes available, not only with respect 

to the assumptions made above, but also with respec.t to subtle information 

'still lacking--for example, on the location of the organ during treatment 

and on the fraction of the organ or tissue that was irradiated. 

Patients Studied 

Of the original 14,558 patients in the ankylosing-spondy1itis study 

group, 4,421 (30.4%) patients who had received only one course of treatment 



-2-

4,5 
were studied by Doll and Smith. The average. period of followup for 

patients :who had only one course of treatment was 16.2 yr. In' addition, 

52 patient histories and clinical courses of disease were carefully de-
3 

tail~d in the M.R.C. 295 Report; these patient~ had all developed letikemia 

after either single or mUltiple courses of x ray therapy. 

Radiotherapy Dosimetry and Treatment Planning 

The radiotherapy dosimetry of patients was carefully reviewed and .re-
3 

constructed in the M.R.C. 295 Report. The most likely treatment ports, x 

ray qualities, dose fraction's, etc., were used, and depth-dose data for con-
o' 0 2 
ventional orthovoltage x ray therapy was used. The patients were classified 

in two groups, on ~he assumption that about one-third in the series were 

treated in the late 1930s and early 1940s, and two-thirds were treated in the 

late 1940s and early 19505. For the earlier patients in the series, it was 

assumed that the equipment used was a 100-kVp radiotherapy x .ray machine with 

an HVL of 2 rom aluminum at a 30-cm focus-skin distance (FSD). For the later 

patients in the series, it was assumed, .that the equipment used was a 200-

kVp radiotherapy x ray machine with an HVL of 1 mm Copper at a 50-cm FSD. 

It was assumed that the entire spi~e (cervical, thoracic, lumbar, and 

sacral) and sacroiliac joints were treated in the single course of radio-

therapy. Therefore, on the basis of the range of rectangular skin-field 

dimensions for spinal and sacroiliac fields desribed 
3 

in the M.R.C. 295 , 

Report (see Appendix B) and the fact that multiple fields were used, it was 
2 

assumed that in this analysis depth-dose data for a 200-cm field would be 

appropriate to estimate organ-dose characteristics. The positions of the 

cervical, thoracic, lumbar, and sacral spine were determined from the data 
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1 
of Brinkley and Masters, on the assumption that all ankylosing-spondylitis 

patients were treated in the prone position. The positions of the various 

organs arid tissues of the thorax, abdomen,· and pelvis were determined from 

contours and relationships from computed-tomography images, cadaver· cor-
6 

relative anatomy published by Ga~barel1i et al., and ,descriptions in Gray's 
7 

Anatomy; it was recognized that computed-tomography patients and cadaver 

transverse sections are examined in the supine position. 

Patient Selection, Treatment, and Clinical Course 

To obtain some understanding of the rationale of patient selection and 

course ·of radiotherapy, the histories of the 52 ankylosing~spondylitis 
3 

patients who developed leukemia outlined in the M.R.C. 295 Report were 

carefully reviewed~ No selection process could be ascertained with regard 

to severity of disease at the time of the first course of radiotherapy, nor 

for the failure of .palliation that warranted a second or additional courses 

of radiotherapy. Thus, it was assumed that these leukemia patients were no 

different from all other ankylosing""spondylitis patients when they began 

radiotherapy. For the purposes of the ·following analysis, therefore, it. was 

assumed that these patients were not selected on the basis of severity of 

their disease or of any other predisposing factors and were therefore repre-

sentative of all 14,558 patients in the study at the start of their radio-

therapy for ankylosing spondylitis. 

It was fur~her assumed that the large group of patients who required 
4,5 

retreatment (7,453, or 51.2%) did not enter into their initial course of 

radiotherapy with a plan for retreatment. In other words, all patients were 

treated in the hope of palliating their disease in the first course of 
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radiothe~apy. There was no way for the radiotherapist to predict that a 

given patient in the series would require more than a single course of 

therapy for palliation, and thus each patient who received multiple courses 

of radiotherapy was initially judge,dto be a single-course patient and 

treated accordingly. This would obtain for all 14,558 patients, and there-

fore for the 52 patients who ultimately developed leukemia. It is of 

interest that 34 (65.4%) of the initial 52 patients who developed leukemia 

did receive additional courses of x ray treatment. 

Estimation of Mean Exposure of the Spinal Bone Marrow 

On the basis of the clinical and radiotherapeutic histories of the 52 

ankylosing-spondylitis patients, it was assumed that the general clinical 

trend was to begin with a single course of treatment. This resulted in a 

mean spinal bone-marrow exposure for the initial course of therapy for all 

52 patients of 542 ~ 355 R (Figure 1). Thereafter, if a patient returned 

for additional radiotherapy because of recurring disease, each additional 

course of therapy up through the fourth course'resulted in an increment of 

346 + 319 R in mean spinal bone-marrow exposure. Both in the initial treat-

ment course and in later courses, the standard deviations were extremely 

large. It was assumed, therefore, that the average spinal marrow exposure 

for all 4,421 patients who received a single course of therapy was 542 + 

355 R. The average exposure of the spinal bone marrow represented a very 

wide spectrum of exposures selected by the radiotherapist. This suggested 

extreme variability in treat~ent techniques and in the ~linical response of 

patients. 

The average exposure of the spinal bone marrow in the 18 single-course 
3 

patients who developed leukemia was 668 + 325 R. This value is not 
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significantly different from ~he mean spinal m~rrow exposure of all 52 

patients after the first course of radiotherapy. 

Estimation of R~~iatio~ Doses Absorbed in Tissues and Organs 
in Heavily Irradiated Sites 

On the basis of the'assumptions outlined above, the average radiation 

doses to the spinal bone marrow and to the organs and tissues in heavily 

irradiated sites have been calculated (Table 1). It was assumed that all 

leukemias and cancers arose in irradiated tissues and organs. 

The estimated absorbed dose for leukemi~ was based on the assumption 
. . 

that spinal bone marrow constitutes 42.3% of the active bone marrow and the 

assumption that leukemia arose in irradiated bone marrow in the spine. " 

The estimated-absorbed dose for lymphoma (excluding Hodgkin's disease) 

was based oniy on the position of the most prominent lymph nodes in the 

mediastinum of the thorax. These included the lymph nodes lying in and 

around the trachea and the bifurcation of the main bronchi. -If fymphomi{ 

arose in the" lymph nodes of the posterior mediastinum, the dose would have 

been much higher, and the risk would be reduced; if the lymph nodes of the 

anterior mediastinum were. involved, the risk would be increased. 

The position of the esophagus varies ~onsiderably in the thorax;~and 

kyphosis in ankylosing-spondylitil' patients would affect its position. If 

neoplasms arose in the upper eSDphagus, ,the radiation dose could have been 

higher, and the risk lower. Because many patients received lumbar sp~ne 

irradiation, it is possible that the distal esophagus, although more 

anterior (and thus receiving a smaller dose), could have been in the 

irradiated fields more frequently. The cervical portion of the esophagus 

was not included in this analysis. 
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TABLE 1 

Estimated Radiation Doses in Tissues and Organs 
in Heavily Irradiated Sites in Patients w~th Ankylosing 
Spondylitis After a Single Treatment Course with X Rays 

Site of Cancer Dose, rads 

Spinal bone marrow (leukemia 

Lycphoma, mediastinal, lYmph nodes 
e~cluding Hodgkin's disease 

Esophagus 

Stomach 

214 

306 

306 
b 

67 
'c 

89 

Colon 57 

Pancreas 90 

Bronchus 197 

Bone 1,950 

Spinal cord and nerves 

Kidney 

Bladder 

a 
Based on average spinal bone-marrow dose of 505 rads. 

b 

505 

698 

46 

31 

Assumes 50% of stomach irradiated~ hypersthenic configuration. 
c 
Assumes 67% of stomach irradiated; asthenic configuration.' 

d 
Assumes 80% of bronchial epithelium irradiated. 

e 
Dose to apatite (calcium-protein matrix). 

f 

d 

e 

f 

g 

h 

a 

Dose to spinal bone-marrow cells and endosteal lining cells of bone
marrow cavities. 

g 
. Lightly irradiated site; assumes 10% of organ (both kidneys) in irradiated 

field. 
h 
Lightly irradiated site; assumes 33% of organ in irradiated field. 

-i 
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The lower value for the absorbed dose in stomach assumed that half of 

it was irradiated: this may have occurred in hypersthenic patients. The 

higher value assumed that two-thirds of the stomach was irradiated; this 

may have occurred in asthenic patients. 

The absorbed dose in the colon was based on the assumption that one-· 
'. 

third to one.,.half the colon was in the irradiated field, primarily the 

transver,se colon., the sigmoid, and the rectum. The dose in the p,lncreas 

assumed ,i,rrapiation of the head and the portion of the body. of the" pancreas 

anterior to the lumbar spine; this accounts. for two-thirds of the organ. 

The dose estimated in the bronchus assumed that bronchial cancers 

arose in the primary and secondary branches. Further branching--say, to the 

tertiary portions--would increase the amount of bronchial epithelium, but 

decrease the probability of the epithelium's being situated in the irradiated 

field. It was assumed that 80% of the bronchial epithelium was irradiated. 

The absorbed dose in bone was low, with a large range. Corrections 

were made for x ray absorption in bone relative to soft tissue, i.e., for 

osteocyte lacunae and bone-marrow cell spaces. The lower dose estimate 

refers to the bone marrow of the vertebral bodies; transverse and spinous 

processes, pedicles, etc. The higher estimate refers to the apatite 

(calcium-protein matrix). It was assumed that only the spine and the 

sacroiliac joints were irradiated, and no corrections were· made for irradia.,. 

tion of ,other bony structures, such as ribs. 

The absorbed dose estimated in the spinal cord and spinal nerves (nerve 

root and dorsal and ventral branches) originating from the cord assumed that 

these structures wer~ in the field of irradiation. The dose could have been 

higher, because the cord and the origins of th~ spinal nerves are closely 

related to the surrounding bone of the spinal column. 
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Conclusions 

The estimates of absorbed doses of x rays in bone marrow,and heavily 

irradiated sites in the radiotherapy patients with ankylosing spondylitis 

in England and Wales after a single treatment course of x rays are extremely 

crude and are based on very limited data and on a number of assumptions. 

Some of these assumptions may later prove to be incorrect, but the general 

principles are valid and are probably reasonably appropriate. It is there

fore important to place these estimates of absorbed dose irito perspective, 

recognizing that they may be somewhat inaccurate, but not grossly so. It is 

probable that they are correct to within a factor of 2. This is particularly 

important for cancers of heavily irradiated sites with long latent periods. 

The mean followup period for the single-treatment-course anklosing

spondylitis patients was 16.2 yr, and an increase in cancers of heavily 

irradiated sites may appear in these patients in the 1970s in tissues and 

organs with long latent periods for the induction of cancer. 

The accuracy of these estimates is severely limited by the inadequacy 

of information on doses absorbed by the tissues at risk in the irradiated 

patients. The informatiori on absorbed dose is essential for an accurate 

assessment of dose-cancer incidence analysis, which could provide valuable 

insights into the mechanisms of cancer induction in man. Furthermore, in 

this unusually valuable human series of irradiated patients, the informa

tion on radiation dosimetry entered on the clinical radiotherapy charts is 

central to any reliable "determination of somatic risks of radiation with 

regard to carcinogenesis in"man. The work necessary "to obtain these data is 

under way in England:" only when they are available can more precise esti

mates of risk of cancer induction by radiation in man obtained. 

'.~ 
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