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Among radiotherapists, there has long-since existed

an opinion that peripheral nerves were resistant to

irradiation. In 1960, Clemedsen & Nelson [1], in

their comprehensive review of the literature, state:

‘‘Nervous tissues, especially of adult animals, show a

remarkable radio-resistance’’. Ordinary text-books

in oncology and neurology, as a rule, have ignored

the radiation-induced injuries of peripheral nerves,

and also, the length of latency for late effects [2�12].

Not even such a specialized text-book as ‘‘Compli-

cations of Cancer Management’’ [13] published in

1994, present any information about radiation-

induced injuries on peripheral nerves.

This misconception about radiation and nerve

injuries has been to the disadvantage of injured

patients, since most medical doctors are not aware of

the relationship between radiotherapy and nerve

injuries. But there existed diverging information

already prior to 1960. Janzen and Warren in 1941

[14], Linder in 1959 [15] irradiated the sciatic nerve

of rats to a dose of 30 Gy in five days and found a

focal nerve degeneration and scarring in 25% of

cases when examined three to 11 months after

irradiation. A later publication in 1961 [16] by

Innes and Carsten reported that irradiation of the

nerves of cauda equina of rats with a single dose of

35 Gy resulted in severe degenerative lesion in the

nerves of all the animals after seven months.

With today’s knowledge, radio-resistance of per-

ipheral nerves can be regarded as a myth. There are

at least three explanations to this myth: 1. Before the

1950s, low-energy machines were used. They had

poor penetration in tissues, and did therefore not

reach deep-seated nerves, 2. Lower irradiation doses

were more frequent before 1950 than after, and 3.

Patients were usually followed for a relatively short

period of time, usually only five years. Nerve injuries

may occur after longer latencies. Moreover, survival

was considered to be the one and only major interest

in some publications, whereas side effects � such as

injuries to peripheral nerves � were disregarded (or

not published). The sensitivity of the spinal cord to

irradiation was known since Boden?s publication in

1948 [17], but the sensitivity of peripheral nerves at

that time was not well-known. Boden described the

latency for irradiation injuries to the spinal cord

varied from five months to five years. It was not until

Ware et al. [18], in 1975, had shown that nervous

tissue was more sensitive to large fractions than other

normal tissues and tumour cell populations.

This is well illustrated by the numerous women

injured by hypofractionated radiotherapy while trea-

ted for cancer of the breast. A review of the literature

is presented below.

The first clinical report of neuropathy to plexus

brachialis (BPN) in humans came in 1964, when the

Swiss neurologist Mumenthaler [19] published eight

cases that had been irradiated after surgery for

cancer of the breast. Some of these patients had

been given very high doses, and one of them as much

as 3 000 roentgen (28.5 Gy) to the axilla in a single
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dose! This corresponds to a late effect of 179 Gy

EQD2Gy (!!).1

Lesions to the plexus became evident with latency,

sometimes more than 10 years after radiotherapy.

In 1965, Edelman et al. reported on ‘‘Rapid

Radiotherapy for Inoperable Carcinoma of the

Breast. Benefits and complications’’ [20]. Using a

Cobalt 60 unit, they gave 25 Gy in two days (late

effect�71 Gy EQD2Gy) to 42 women. Twenty five

of them developed severe complications in the form

of frozen shoulders, pulmonary fibrosis, lymph

oedema of the arm, and necrosis of bone or breast,

already after eight months. Thirty three of their

patients died from their malignancies within

18 months, and only six were alive after 60 months,

so not many of their patients lived long enough to

develop lesions of the brachial plexus.

The next publication appeared in 1966, when the

two Australian radiologists Stoll and Andrews [21]

reported their observations in ‘‘Radiation-induced

Peripheral Neuropathy’’. They used a 4 MV linear

accelerator for two different schemes: either 63 Gy

in 12 fractions (corresponding to a late effect of 104

Gy EQD2Gy), or 58 Gy in 11 or 12 fractions

(corresponding to a late effect of 96 or 90 Gy

EQD2Gy). Thirty three women with cancer of the

breast were in the first group, and 44 in the latter.

Severe plexus complications were seen in 73% and

15%, respectively. Symptoms could develop 30

months after completion of radiotherapy.

A year later, in 1967, two reports on the same

theme appeared. From Switzerland were presented

five cases [22], and from France 14 [23]. None of

these two articles gave any details about the radio-

therapy.

In 1968, a report appeared from the Swedish city

of Umeå [24]. It was written in Swedish. The results

were published in English in 1972 [25]. The first

sentence reads: ‘‘At our Department, a uniform

radiotherapy was given post-operatively during the

years 1963 through 1965’’ (our translation). The

treatment was 40�50 Gy in 3�4 weeks; fractionation

not specified (which excludes the possibility to

calculate EQD2Gy). Thirty three percent of ‘‘some

80 patients’’ developed plexus lesions.

Thus, in 1968, injuries to peripheral nerves

caused by hypofractionation had been published

from: Australia, France, U.S.A., Sweden and Swit-

zerland (in alphabetical order).

From their 173 patients, Frischbier and Lohbeck

[26] reported in 1970 that a total of 33% (53

patients) had developed BPN (among other severe

complications), and that among those surviving

more than six years, 72% had developed complete

paralysis. The authors gave 30 Gy preoperatively,

and another 30 Gy postoperatively to areas which

included both the brachial plexus and the chest wall.

They used 15 MeV electrons with 2 Gy/fraction (late

effect�60 Gy EQD2Gy) to 3 Gy/fraction (late

effect�72 Gy EQD2Gy).

Also in 1970, a report appeared from one of the

Swedish Institutions which had initiated and con-

tinued to use hypofractionation [27]. That institu-

tion used fraction sizes of 5.5 Gy (late effect�137

Gy EQD2Gy) to 6.0 Gy (late effect�146 Gy

EQD2Gy). Two hundred and thirty seven patients

had been subject to that treatment regime with

varying doses up to 81 Gy in 21 days. Forty one

cases (17%) developed severe plexopathy. The

lesions were dose dependent: all 10 patients who

had received more than 60 Gy were paralysed in the

arm on the treated side. The follow-up time ranged

from two to 10 years.

In Table I (published also in [28]) is listed the

cumulative number of women with BPN for the first

eight articles (up to and through 1970) which have

been published in the medical literature in chron-

ological order.

Table I raises the question: ‘‘How many women

must be injured before the medical profession

realizes that hypofractionation is not acceptable?’’

When should the alarm bell have tolled?

By 1968, more than 100 women had been

published, severely injured by hypofractionated

radiotherapy. And yet, hypofractionated radiother-

apy continued to be used. In one Scandinavian

country, hypofractionated radiotherapy was started

in 1985.

The dissertation by S. Johansson in Umeå,

Sweden [29] summarizes in the year 2000 the

situation in a very eloquent way. Some of the

patients in Johansson’s dissertation were originally

presented by Westling et al. [24] in 1968. During the

32 years of additional follow-up, almost all surviving

patients (92%) had developed severe BPN.

The data-base Pubmed today provides over 300

articles dealing with the dangers of hypofractiona-

tion [30,31].

The injuries to the nerves in the plexus are

believed to be caused by either a fibrotic strangula-

tion of the bundle, or direct injury to the nerve

sheath, or both. Also, the endoneuricon may be

thickened, and there may be extensive loss of myelin,

disappearance of axis cylinders, and hyalinization

and obliteration of blood capillaries. Rarely was the

1(EQD (Equivalent Dose) is Estro nomenclatura. The corresponding

American term is NTD: N̄ormalized T̄otal D̄ose in 2 Gy/fraction. The

formula reads: EQD2 Gy�D(1�d/[a/b])/(1�2/[a/b]), where D�total

dose, d�daily dose and a/b�the ratio of intrinsic radiosensitivity to

repair capability.
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immobilisation of the arm due to muscular atrophy

in the shoulder girdle. The injuries in Sweden

caused by hypofractionated radiotherapy have been

investigated and reported by the authors of this

article [28].

The long-term somatic sequelae of oncologic

therapy have not been given due attention until

recently. Therefore, it is encouraging that both Acta

Oncologica and the newly formed O
¯

rganisation of

E
¯
uropean C

¯
ancer I

¯
nstitutes (OECI) have paid the

matter timely consideration: Acta Oncologica in a

symposium in Oslo in 2006 [32�47], and OECI in a

symposium in Budapest in 2007 [48].

References

[1] Clemedson CJ, Nelson A. In: Mechanisms in radiobiology,

vol. 2. Errera M, Forsberg A editors. New York: Academic

Press; 1960. p 144.

[2] Fletcher GH. Textbook of radiotherapy, 3rd ed. Philadelphia:

Lea & Feibiger; 1978.

[3] Moss WT, Cox JD. Radiation oncology. Rationale, technique

and results. 6th ed. St. Louis: Mosby; 1989.

[4] Walter and Miller?s textbook of radiotherapy. Bomford CK,

Kunkler IH, Sherrif SB, editors. 5th edition. London:

Churchill Livingstone; 1993.

[5] Hall EJ. Radiobiology for the radiologist. 4th ed. Philadel-

phia: Lipppincott; 1994.

[6] Levitt SH, Khan FM, Potish RA, Perez CA (eds). Techno-

logical basis of radiotherapy, 3rd ed. Philadelphia: Lippin-

cott; Williams & Wilkins; 1998.

[7] De Vita VT, Hellman S, Rosenberg SA. Cancer. Principles

and practice of oncology, 7th ed. Philadelphia: Lippincott,

Williams & Wilkins; 2000.

[8] Haskell CM. Cancer treatment. 5th ed. Philadelphia: Saun-

ders; 2001.

[9] Rubin P. Clinical oncology. 8th ed. Philadelphia: Saunders;

2001.

[10] Leibel S, Philips TL, editors. Textbook of radiation oncol-

ogy. 2nd ed. Philadelphia: Saunders; 2004.

[11] Perez CA, Brady LW, Halpern EC, Schmidt-Ullrich RK

(eds). Principles and practice of radiation oncology, 4th ed.

Philadelphia: Lippincott, Williams & Wilkins; 2004.

[12] Abeloff MD, Armitage JO, Lichter AS, Niederhuber JE,

Kastan MB, Mckenna WG (eds). Clinical oncology. 3rd ed.

Amsterdam: Elsevier; 2004.

[13] Plowman PN, McElwain T, Meadows A. Complications of

cancer management. Oxford: Butterworth; 1994.

[14] Janzen AH, Warren S. Effect of roentgen rays on the

peripheral nerve of the rat. Radiol 1942;/38:/333�7.
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Röntgen-bestrahlung. Schweiz Med Wschr 1964;/94:/

1069�75.

[20] Edelman AH, Holtz S, Powers WE. Rapid radiotherapy for

inoperable carcinoma of the breast. Am J Roentgenol

1965:585�99.

[21] Stoll BA, Andrews JT. Radiation-induced peripheral neuro-

pathy. Brit Med J 1966;/1:/834�7.

[22] Fallet GH, Moody JF, Roth G, Boussina I. Lésion du plexus

brachial survenant aprés radiothérapie pour cancer du sein.
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[36] Fosså S, Hess SL, Dahl AA, Hjermstad MJ, Veenstra M.

Stability of health-related quality of life in the Norwegian

general population and impact of chronic morbidity in

individuals with and without a cancer diagnosis. Acta Oncol

2007;/46:/452�61.
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