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INTRODUCTION

The occurrence of renal dysfunction as a consequence
of ionizing radiation has been known for more than
100 years (1,2). Initial reports termed this condition
“radiation nephritis,” but that is a misnomer, because
it is not an inﬂammatory condition. Renal radiation
injury may be avoided by the exclusion of an adequate volume of kidney exposure during radiation
therapy, but the kidneys’ central location can make
this difﬁcult to impossible when tumors of the abdomen or retroperitoneum are treated, or during total
body irradiation (TBI) (3).

BACKGROUND/CLINICAL SIGNIFICANCE

Radiation nephropathy is renal injury and loss of
function caused by ionizing radiation; this will occur
after sufﬁcient irradiation of both kidneys (4). Ionizing radiation of sufﬁcient energy disrupts chemical
bonds and knocks electrons out of atoms. It generates
oxygen radicals that cause prompt DNA injury within
milliseconds of irradiation. This is the desired action
of therapeutic irradiation to cause death of cancer
cells. It is also the cause of injury to irradiated normal
tissues such as the kidney. The doses of diagnostic
X-ray are orders of magnitude less than those of therapeutic irradiation; whereas there may be a very small
effect of carcinogenesis from a diagnostic X-ray, there
is no risk of normal tissue injury.
The kidneys are the dose-limiting organs for
radiation therapy for gastrointestinal cancers, gynecologic cancers, lymphomas, and sarcomas of the
upper abdomen and during TBI (5). Damage to
normal tissues can be reduced by shielding of nontarget tissues, shaping radiation beams that focus the
high-dose radiation on the cancer and attempting to
avoid surrounding normal tissues, and fractionated
radiation dosing. Fractionation enables DNA repair
in normal cells between dosing.
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Classical radiation nephropathy occurred after
external beam radiation for treatment of solid
cancers such as seminomas (6); the incidence has
declined with the advent of more effective chemotherapy. In recent years, radiation nephropathy has
occurred due to TBI used as part of chemo-irradiation
conditioning just before hematopoietic stem cell
transplantation (HSCT) and also from targeted radionuclide therapy used for instance in the treatment
of neuroendocrine malignancies. TBI may be myeloablative or nonmyeloablative, with myeloablative
regimens using radiation doses of 10–12 Gy to destroy or suppress the recipient’s bone marrow. These
doses are given in a single fraction or in nine fractions
over 3 days (4). In addition, TBI for bone marrow
transplantation (BMT) is preceded or accompanied
by cytotoxic chemotherapy, which potentiates the
effects of ionizing radiation (7).
CKD after HSCT occurs in 10%–30% of HSCT
survivors in pediatric and adult populations (8).
CKD following HSCT can have many causes including medication-induced nephrotoxicity and graftversus-host disease (9); the role of radiation exposure
at the time of the HSCT is also well established (4).
CKD has signiﬁcant patient impact by predisposing
to hypertension, by altering medication pharmacokinetics, and by predisposing to ESRD.
Threshold dose

Luxton identiﬁed 23 Gy as the threshold dose for
radiation nephropathy (6), from radiation of both
kidneys when given in 20 fractions over 4 weeks. If
the total irradiated renal volume is ,30% of both
kidneys, CKD will not occur from irradiation alone
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(10), although there may be injury to the small, irradiated
volume of kidneys that leads to hypertension. In the case of
radiation nephropathy after BMT, a 10-Gy TBI single dose of
X-rays can cause radiation nephropathy within a year after
irradiation, as may 14 Gy fractionated over 3 days (11).
Lower radiation doses may cause kidney injury after many
years of follow-up. Thus, in survivors of the HiroshimaNagasaki atomic bombs, estimated single fraction doses
of ,200 cGy were associated with CKD after many decades
(12).
Radiosensitivity

Radiation nephropathy occurs as a late phenomenon, usually
presenting months to years after the radiation exposure. This
latency is associated with slower cell turnover rates in renal
tissue compared to early-responding (rapidly proliferating)
tissue such as gastrointestinal epithelium or bone marrow (4).
Normal renal tissue has low mitotic rates, which correlate with
delayed expression of renal injury after radiation (4). Less than
half of subjects exposed to threshold or higher radiation doses
will develop radiation nephropathy. The determinants of individual radiosensitivity are not well known.

EXPERIMENTAL MODELS AND PATHOGENESIS

Radiation nephropathy has been reproduced in many animal
models, including in mice, rats, dogs, and nonhuman primates.
A recent rat model demonstrates injury at similar doses to those
relevant in humans, a similar latency period between time of
irradiation and manifestations of injury, expression of injury as
proteinuria, hypertension, and azotemia, and a similar histopathology (4,13). In this model, suppression of the renin–
angiotensin system is beneﬁcial, and angiotensin II infusion
exacerbates injury (14). However, in the irradiated rat, there
is no evidence of activation of the renin–angiotensin system,
which suggests other countervailing mechanisms relevant in
pathogenesis. Other notable features in this model include a
lack for evidence of chronic oxidative stress (15). Multiple
aspects of pathogenesis have been tested for causality in the
experimental model of TBI-HSCT in which the major lethal
toxicity is renal failure (8). These include oxidative stress, cell
proliferation, transforming growth factor-b, glomerular permeability, ﬁbrosis, renin–angiotensin system, and vascular injury. Of these, the roles of the renin–angiotensin system and
vascular injury have not been disproven to date; the others are
either absent or do not play a causal role (8). Krochak and Baker
(16) noted a sequence of events in which the initial reaction
to irradiation was an increase in endothelial permeability with
an increase of ultraﬁltrate extruded from the capillaries in the
glomerular tuft, with an escape of increased protein and other
high-molecular-weight blood components; these events were
transient with normal ﬂuid dynamics restored within a few
days, but these permeability changes did appear to contribute
to eventual early and late clinical syndromes.
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CLINICAL PRESENTATION

The clinical features of radiation nephropathy will vary
according to dose and volume of irradiation (17). Presentation
can be acute and irreversible or subtle, with a gradual progressive dysfunction over years (5). There is a latent period
that is clinically “silent” until a stage is reached when there are
clinical manifestations of disease (11). These were well described by Luxton in his observation of 137 men with seminoma who were irradiated with 2250–3250 cGy over 5 weeks
(3). The incidence of radiation nephropathy in his cohort was
about 20%, with four clinical syndromes as identiﬁed in Table
1. One may expect similar presentations after sufﬁcient renal
irradiation from any source, external or internal.
Acute radiation nephritis

The onset of acute radiation nephritis is only acute relative to the
other variants. Patients present 6–12 months following radiation
exposure with fatigue, varying degrees of edema, shortness of
breath with exertion and headaches with azotemia, malignant
hypertension, and severe anemia disproportionate to degree of
renal failure (16,18). Malignant hypertension may present with
headaches, encephalopathy, and retinopathy. There may be associated congestive heart failure with anasarca, pleuropericardial
effusions, and pulmonary edema. Anemia is normochromic
and normocytic with a nonaplastic marrow (17). This has
been described as “bone marrow transplant nephropathy”
(4,19) when it occurs after HSCT. Some of these cases may
present as hemolytic uremic syndrome or thrombotic thrombocytopenic purpura, i.e., as full-blown thrombotic microangiopathies. Proteinuria is generally not severe, with an average
of 2 g/g urine creatinine. Prognosis has been variably related
to occurrence of malignant hypertension (6) or severity of
ﬂuid retention, with oliguria being a terminal event. Patients
surviving this acute phase usually are left with progression to
CKD.
Chronic radiation nephritis

There are two variants of chronic nephritis (6): 1) primary
chronic radiation nephritis—initial presentation up to 2 years
or longer following irradiation with proteinuria and other
evidence of chronic nephritis; and 2) secondary chronic radiation nephritis—seen in patients who survived acute radiation
nephritis and continued with signs of chronic renal damage.
Signs and symptoms are indistinguishable from renal failure from any other cause, with hypertension, albuminuria,
anemia, azotemia, and small atrophic kidneys on imaging.
Table 1. Clinical syndromes following renal irradiation (3)
Type

Latent period

Acute radiation nephritis (nephropathy)
Chronic radiation nephritis
Malignant hypertension
Benign hypertension

6–12 months
$18 months
12–18 months
$18 months

American Society of Nephrology

Malignant hypertension

In Luxton’s series of patients, malignant hypertension developed either during the acute phase or later, 12–18 months
following irradiation (6,20), with some presenting many
years after exposure. Clinical features included hypertensive
encephalopathy, retinopathy, and seizures. Renal size is
variable.
Benign hypertension

Luxton showed that hypertension may occur as a manifestation
of renal radiation injury in the absence of renal failure, with
variable degrees of proteinuria. However, other studies have
shown close correlation between degree of azotemia and
prevalence of hypertension (1). This is also valid for the hypertensive CKD that occurs after HSCT (4,21).
Hypertension following unilateral renal irradiation

Hypertension alone may be the presenting feature if only a
single kidney is irradiated. This may occur because the
irradiated kidney shrinks and creates renin-dependent hypertension in the manner of a Page kidney (22). Such cases have
been successfully treated by unilateral nephrectomy (23–25).
Histopathology

There are early and late changes following renal irradiation
(3,26). Early changes include endothelial microvascular injury
with cell swelling, subendothelial expansion, and capillary
loop occlusion (Figure 1). There is often mesangiolysis and
variable tubular injury. Ultrastructural examination shows
amorphous material within the subendothelial space, which
appears to extend the lamina rara interna (Figure 2). Late
changes include sclerosis of interlobular and arcuate arteries,
with residual parenchymal damage with increased mesangial
matrix, glomerular scarring, tubular atrophy, and renal mass
reduction. Fibrosis may be extensive.

Figure 1. Photomicrograph by light microscopy of a renal biopsy
specimen in case of BMT nephropathy (4). There is mesangiolysis
(*) and extreme widening of the space between endothelium and
glomerular basement membrane (arrow). The tubular epithelium is
intact, but the tubules are separated by an expanded interstitium.
periodic acid-Schiff stain; magniﬁcation, 2503. Reproduced with
permission from reference 4.

trial was based on the hypothesis of mitigation: when a subject
has received sufﬁcient irradiation to kidneys, use of an angiotensin-converting enzyme inhibitor after exposure but before
expression of injury may be beneﬁcial in mitigating the later
injury.
Despite treatment, patients with radiation nephropathy may
evolve to ESRD and require chronic dialysis therapy or undergo
kidney transplant. When this occurs after HSCT, survival on
dialysis is poor (29). Such patients may be eligible for kidney
transplantation and could avoid the need for immunosuppression if the transplanted kidney was from the same donor as gave
them their hematopoietic stem cells (30,31).

RISK OF CANCER FROM IMAGING
TREATMENT

Because it is uncommon, there are no controlled trials to guide
the management of radiation nephropathy. Thus, treatment
of radiation nephropathy is guided by the same principles of
treatment of any hypertensive kidney disease, including blood
pressure control and correction of metabolic acidosis. Standard
management of anemia, secondary hyperparathyroidism,
and electrolyte disturbances may be useful. Experimental data
show that angiotensin converting enzyme inhibitors or angiotensin receptor blockers are preferentially beneﬁcial in radiation
nephropathy (14). Supportive measures are beneﬁcial including
treatment of peripheral and pulmonary edema and treatment of
anemia with blood transfusions and/or erythropoietin stimulating agents.
Prevention may be better than treatment. There are favorable trends for the beneﬁt of captopril to mitigate the late
occurrence of CKD after TBI-based HSCT (28). This clinical
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High-dose ionizing radiation can cause cancer. The threshold
dose at which there is increased excess risk after a single
exposure is 34 mSv (32). For reference, an absorbed dose of
1 mGy is equivalent to an effective dose of 1 mSv, the body
radiation dose of a chest X-ray is ,0.1 mSv, and that of a body
computed tomography (CT) scan is approximately 10 mSv.
Recent reports express concern about the possible cancer risks
of radiologil imaging in patients with kidney disease. Kinsella
et al. (33) reported estimated X-ray doses received by dialysis
patients, and Nguyen (34) reported X-ray exposure in subjects
undergoing workup for kidney transplantation. However,
rather than create real worry, these reports actually underline
the lack of risk, and neither one reports cancers caused by
radiation. The median cumulative doses were 22 and
29 mSv in each report, respectively. The single fraction equivalent doses are about half of those values, well below the
single fraction dose at which there is signiﬁcant excess cancer
risk. Furthermore, because radiation-induced cancer takes
Onco-Nephrology Curriculum
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Figure 2. Electron micrographs of glomerular capillary loop in a case of radiation nephropathy (27). (A) Wrinkled capillary basement
membrane (BM) with variable widening of lamina rara interna (arrows). Capillary lumen (CL) contains circulating red blood cells (RBCs) and
has intact endothelial cell lining. Endothelial cells (ENs) are occasionally swollen and contain prominent organelles. Original magniﬁcation,
6,3003; reduced by 31%. (B) Higher magniﬁcation of A reveals variable widening of lamina rara interna and deposits of ﬂuffy material (*)
resembling that within the capillary lumen. Newly formed basement membrane material is also evident adjacent to the lining endothelium
(long arrows). Original magniﬁcation, 13,5003; reduced by 31%. M, mesangial cells; EP, epithelial cells; US, urinary space. Reproduced with
permission from reference 27.

5–10 years to develop, for the average dialysis patient, i.e.,
those starting dialysis at age 65 or more, radiation-induced
excess risk of cancer cannot be a major risk because the expected remaining lifetime is 4 years or less for a 65 year old
starting dialysis (35).
Although cancer after kidney transplant is a genuine
concern, one would expect a surfeit of leukemias if pretransplant radiation exposure was the culprit, and leukemia after
kidney transplant is rare. An unjustiﬁed fear of cancer should
not get in the way of essential radiologic imaging. However,
prevalent kidney transplant patients received cumulative
median doses of 17 mSv in another report, and 12% of that
cohort had cumulative exposures of 100 mSv (36). Thus,
there may be reason for concern in individual patients, perhaps especially in younger people with longer expected
lifetimes and therefore more possibility of late radiationinduced cancers. Finally, the concern about exposure to
ionizing radiation has affected practice in surveillance for
nephrolithiasis; ultrasound, rather than CT may be preferable
for serial imaging.

FUTURE CONCERNS

The apparent excess of CKD in some Hiroshima-Nagasaki
survivors emphasizes that wartime or terrorist radionuclear
events could cause signiﬁcant renal injury in those exposed to
acutely survivable irradiation. Space exploration is another
potential risk for both cardiovascular and renal disease.
4
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TAKE HOME POINTS
c Radiation nephropathy can result from external or internal radiation

exposures.
c Radiation nephropathy will not occur after diagnostic X-ray exposures.
c Accidental or belligerent radiation exposures may result in renal radia-

tion injury.
c Radiation nephropathy is associated with mesangiolysis and glomerular

capillary thrombosis on renal biopsy; it can lead to a full blown thrombotic microangiopathy.
c Mitigation of radiation nephropathy may be possible with angiotensin
converting enzyme inhibitors.

ACKNOWLEDGEMENTS
This work was supported (in part) by the intramural Research Program of the National Institutes of Health, the National Institute of
Diabetes and Digestive and Kidney Diseases, and Merit Review Awards
IO1 BX002256 from the US Department of Veterans Affairs Biomedical Laboratory Research and Development and IO1 CX000569
Clinical Sciences Research and Development (E.P.C., principal investigator, both grants).

DISCLOSURES
None.

REFERENCES

Q:1

1. Baerman G, Linser P. Review of localized and general effects of radiation. Munch Med Wschr 7: 996, 1904

American Society of Nephrology

2. Edsall DL. The attitude of the clinician in regard to exposing patients to
the x-ray. JAMA 47: 1425–1429, 1906
3. Cassady JR. Clinical radiation nephropathy. Int J Radiat Oncol Biol Phys
31: 1249–1256, 1995
4. Cohen EP. Radiation nephropathy after bone marrow transplantation.
Kidney Int 58: 903–918, 2000
5. Dawson LA, Kavanagh BD, Paulino AC, Das SK, Miften M, Li XA, Pan C,
Ten Haken RK, Schultheiss TE. Radiation-associated kidney injury. Int J
Radiat Oncol Biol Phys 76: S108–S115, 2010
6. Luxton RW. Radiation nephritis: A long term study of 54 patients. Lancet
2: 1221–1224, 1961
7. Phillips TL, Wharam MD, Margolis LW. Modiﬁcation of radiation injury to
normal tissues by chemotherapeutic agents. Cancer 35: 1678–1684, 1975
8. Cohen EP, Pais P, Moulder JE. Chronic kidney disease after hematopoietic stem cell transplantation. Semin Nephrol 30: 627–634, 2010
9. Abboud I, Peraldi M, Hingorani S. Chronic kidney diseases in long-term
survivors after allogeneic hematopoietic stem cell transplantation: Monitoring and management guidelines. Semin Hematol 49: 73–82, 2012
10. Dawson LA, Horgan A, Cohen EP. Kidney and ureter. In: ALERT c Adverse Late Effects of Cancer Treatment, Volume 2: Normal Tissue
Specific Sites and Systems, edited by Rubin P, Constine LS, Marks LB,
New York, Springer, 2014
11. Luxton RW. Radiation nephritis. Q J Med 22: 215–242, 1953
12. Sera N, Hida A, Imaizumi M, Nakashima E, Akahoshi M. The association
between chronic kidney disease and cardiovascular risk factors in
atomic bomb survivors. Radiat Res 179: 46–52, 2013
13. Moulder JE, Fish BL. Late toxicity of total body irradiation with bone
marrow transplantation in a rat model. Int J Radiat Oncol Biol Phys 16:
1501–1509, 1989
14. Cohen EP, Fish BL, Moulder JE. Mitigation of radiation injuries via
suppression of the renin-angiotensin system: Emphasis on radiation
nephropathy. Curr Drug Targets 11: 1423–1429, 2010
15. Cohen SR, Cohen EP. Chronic oxidative stress after irradiation: An
unproven hypothesis. Med Hypoth 80: 172–175, 2013
16. Krochak RJ, Baker DG. Radiation nephritis: Clinical manifestations and
pathophysiologic mechanisms. Urology 27: 389–393, 1986
17. Baldwin JN, Hagstrom JWC. Acute radiation nephritis. Calif Med 97:
359–362, 1962
18. Cohen EP, Lawton CA, Moulder JE, Becker CG, Ash RC. Clinical course
of late onset bone marrow transplant nephropathy. Nephron 64: 626–
635, 1993
19. Cohen EP, Robbins MEC. Radiation nephropathy. Semin Nephrol 23:
486–499, 2003
20. Fowler JF. Brief summary of radiobiological principles in fractionated
radiotherapy. Semin Radiat Oncol 2: 16–21, 1992
21. Kersting S, Hené RJ, Koomans HA, Verdonck LF. Chronic kidney disease after myelablative allogeneic hematopoietic stem cell transplantation. Biol Blood Marrow Transplant 13: 1169–1175, 2007

American Society of Nephrology

22. Cohen EP. Fibrosis causes progressive kidney failure. Med Hypoth 45:
459–462, 1995
23. Crummy Jr AB, Hellman S, Stansel Jr HC, Hukill PB. Renal hypertension
secondary to unilateral radiation damage relieved by nephrectomy.
Radiology 84: 108–111, 1965
24. Dhaliwal RS, Adelman RD, Turner E, Russo JC, Ruebner B. Radiation
nephritis with hypertension and hyperreninemia: cure by nephrectomy.
J Pediat 96: 68–70, 1980
25. Salvi S, Green DM, Brecher ML, Magoos I, Gamboa LN, Fisher JE,
Baliah T, Afshani E. Renal artery stenosis and hypertension after abdominal irradiation for Hodgkins disease: Successful treatment with
nephrectomy. Urology 21: 611–615, 1983
26. White DC. The histopathologic basis for functional decrement in late
radiation injury in diverse organs. Cancer 37: 1126–1143, 1976
27. Keane WF, Crosson JT, Staley NA, Anderson WR, Shapiro FL. Radiationinduced renal disease. Am J Med 60: 127–137, 1976
28. Cohen EP, Bedi M, Irving AA, Jacobs E, Tomic R, Klein J, Lawton CA,
Moulder JE. Mitigation of late renal and pulmonary injury after hematopoietic stem cell transplantation. Int J Radiat Oncol Biol Phys 83:
292–296, 2012
29. Cohen EP, Piering WF, Kabler-Babbitt C, Moulder JE. End-stage-renaldisease after bone marrow transplantation: Poor survival compared to
other causes of ESRD. Nephron 79: 408–412, 1998
30. Butcher JA, Hariharan S, Adams MB, Johnson CJ, Roza AM, Cohen EP.
Renal transplantation for end stage renal disease following bone marrow transplantation. Clin Transplant 13: 330–335, 1999
31. Sayegh MH, Fine NA, Smith JL, Rennke HG, Milford EL, Tilney NL.
Immunologic tolerance to renal allografts after bone marrow
transplants from the same donor. Ann Intern Med 114: 964–965,
1991
32. Brenner DJ, Doll R, Goodhead DT, Hall EJ, Land CE, Little JB, Lubin JH,
Preston DL, Preston RJ, Puskin JS, Ron E, Sachs RK, Samet JM, Setlow
RB, Zaider M. Cancer risks attributable to low doses of ionizing radiation: Assessing what we really know. Proc Natl Acad Sci U S A 100:
13761–13766, 2003
33. Kinsella SM, Coyle JP, Long EB, McWilliams SR, Maher MM, Clarkson
MR, Eustace JA. Maintenance hemodialysis patients have high cumulative radiation exposure. Kidney Int 78: 789–793, 2010
34. Nguyen KN, Patel AM, Weng FL. Ionizing radiation exposure
among kidney transplant recipients due to medical imaging during
the pretransplant evaluation. Clin J Am Soc Nephrol 8: 833–839,
2013
35. Collins AJ. USRDS 2013 Annual Data Report, Bethesda, MD, National
Institutes of Health, 2013
36. De Mauri A, Brambilla M, Izzo C, Matheoud R, Chiarinotti D, Carriero A,
Stratta P, De Leo M. Cumulative radiation dose from medical imaging
in kidney transplant patients. Nephrol Dial Transplant 27: 3645–3651,
2012

Onco-Nephrology Curriculum

5

REVIEW QUESTIONS

1. Which of the following statements is false?
a. Radiation nephropathy may result from radionuclide therapy
b. Acute radiation nephritis may be associated with thrombotic thrombocytopenic purpura
c. A single dose of 10 Gy of X-rays can lead to radiation nephropathy
d. CKD has been associated solely with myeloablative total
body irradiation regimens
e. Cytotoxic chemotherapy can potentiate the effects of
ionizing radiation.

Answer: d is correct. CKD can complicate both myeloablative
and nonmyeloablative regimens. The other statements are correct.
2. The pathologic features of radiation nephropathy include
the following except:
a.
b.
c.
d.
e.

6

Subendothelial expansion with amorphous material
Mesangiolysis
Neutrophilic inﬁltration of the mesangium
Arteriolar sclerosis
Varying degrees of tubular atrophy and interstitial ﬁbrosis
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f. Endothelial cell swelling

Answer: c is correct. Pathologic features of radiation nephropathy include endothelial cell swelling with subendothelial expansion with amorphous material and mesangiolysis,
and late changes include arteriolar sclerosis and varying degrees of tubular atrophy and interstitial ﬁbrosis; there is no
evidence of glomerular leucocytic inﬁltration.
3. Which of the following statements is false regarding hypertension associated with radiation nephropathy:
a. Hypertension following unilateral radiation may be treated
with nephrectomy of the affected kidney
b. Acute radiation nephritis is not associated with malignant
hypertension
c. Hypertension may occur in the absence of renal failure
d. ACE inhibitors and/or angiotensin receptor blockers have
been shown to be beneﬁcial in management of hypertension

Answer: b is correct. Malignant hypertension in the setting
of radiation nephropathy may occur as part of the acute radiation nephritis complex, and it may also occur as an initial
presentation, 12–18 months after irradiation. The other statements are correct.
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