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         Introduction 

 Recent epidemiological studies estimate that approximately 1 in every 1,300 young 
males in the United States is a childhood cancer survivor  [  1  ] . Of this population, 
approximately 30% received gonadotoxic cancer treatments that resulted in perma-
nent infertility  [  2  ] . Therefore, approximately 1 in every 5,000 young males is at risk 
for infertility due to their pediatric cancer treatment. This is in large part because of 
the sensitivity of male germ cells to injury by cytotoxic drugs and radiation therapy 
(RT). Germ cells that produce spermatozoa are more sensitive to chemotherapy and 
radiation compared to Leydig cells that generate testosterone  [  3  ] . Thus, a common 
late effect of cancer therapy for male patients is infertility rather than impaired 
pubertal development or impaired sexual function  [  4  ] .  

   Anatomy of the Testis 

 The testis is composed of three principal cell types: germ cells that develop into 
sperm, Sertoli cells that support and nurture developing germ cells and are also the 
site of production of the glycoprotein hormone inhibin, and Leydig cells that are 
responsible for testosterone synthesis  [  5  ] . The seminiferous tubules—the site of 
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spermatogenesis—are surrounded by a basement membrane (tunica propria) and 
embedded in a connective tissue matrix containing interspersed Leydig cells, blood 
vessels, and lymphatics. Within the tubules, the seminiferous epithelium contains 
germ cells and Sertoli cells. Leydig cells lie near the basal compartment of the semi-
niferous tubules, enabling them to deliver high concentrations of testosterone neces-
sary for normal spermatogenesis and male secondary sexual characteristics  [  5,   6  ] . 

 Spermatogenesis takes place in the seminiferous epithelium inside the tubule. The 
least differentiated germ cells, spermatogonia, divide to form spermatocytes that 
immediately undergo meiosis. The haploid cells (spermatids) that are formed develop 
into  fl agellate motile spermatozoa. This process requires up to 74 days  [  7  ] . Since 
spermatozoa are continuously produced in adult men, a constant supply of germ cell 
precursors is necessary. The newly formed spermatozoa are transported through the 
lumen of the seminiferous tubules into the epididymis where they are stored.  

   Effects of Chemotherapy 

 Early studies based on histological assessment of testicular tissue and measurement 
of basal follicle-stimulating hormone (FSH) levels from a small number of patient 
samples suggested that the immature testis was relatively resistant to chemotherapy 
 [  8  ] . However, more recent studies have demonstrated that the prepubertal and puber-
tal testes are highly vulnerable to cytotoxic agents used in cancer therapy  [  9,   10  ] . 
The extent and reversibility of cytotoxic damage in the testis generally depends on 
the agent and cumulative dose received, although signi fi cant variations between 
individuals have been observed (see Table 1.1 in Chap.   1     of this volume for a com-
prehensive list). The gonadotoxic effects of alkylating agents have been most exten-
sively studied  [  4  ] , and alkylators often used to treat pediatric cancers are highly 
gonadotoxic  [  11,   12  ] . Alkylating agents that are known to cause infertility include 
busulfan, cisplatin, cyclophosphamide, ifosfamide, and procarbazine  [  4,   13–  15  ] . 
The total dose of a chemotherapeutic agent is the critical determinant of gonado-
toxic damage, as a higher total dose will incur more damage to sperm-forming cells. 
Currently, the overwhelming majority of pediatric cancer patients receive multiple 
chemotherapeutic drugs as part of their therapeutic regimen. Unfortunately, this 
approach may cause infertility even at lower doses of individual alkylating agents 
because of the synergistic gonadotoxicity that occurs with delivery of multiple alky-
lator compounds. 

 The alkylator cyclophosphamide, either alone or in combination with other 
agents, is known to damage the germinal epithelium. A meta-analysis of 30 studies 
that examined gonadal function following various chemotherapy regimens noted 
that gonadal dysfunction correlated with total cumulative dose of cyclophosph-
amide, with doses higher than 300 mg/kg associated with a greater than 80% risk of 
gonadal dysfunction  [  16  ] . A study of men who had been treated for pediatric solid 
tumors reported permanent azoospermia in 90% of those who received cumulative 
cyclophosphamide doses greater than 7.5 g/m 2   [  17  ] . Other studies have similarly 
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found that 7.5–9 g/m 2  of cyclophosphamide is associated with a signi fi cant risk of 
testicular injury  [  18,   19  ] . 

 Although tumor cytotoxicity data indicate that 1.1 g/m 2  cyclophosphamide is 
approximately equivalent to 3.8 g/m 2  ifosfamide  [  20  ] , the relative gonadotoxic 
effect of ifosfamide is not well known. In a recent study, investigators assessed 
pubertal development and performed semen analysis in a series of males who were 
treated using sarcoma protocols that contained ifosfamide as the only potential 
gonadotoxic agent  [  21  ] . Biochemical evaluation also included a measurement of 
gonadotropins and inhibin B. In this study, all 32 males progressed normally through 
puberty, and no gonadal dysfunction was seen at a total ifosfamide dose of less than 
60 g/m 2 . In those with a dose greater than 60 g/m 2 , however, two-thirds of those who 
underwent semen analysis were subfertile, 31% had elevated FSH, and 50% showed 
decreased inhibin B, suggesting germ cell failure  [  21  ] . 

 Treatment of patients with Hodgkin’s disease (HD) has historically included the 
use of procarbazine, together with alkylators such as chorambucil, mechlorethamine, 
and cyclophosphamide. Many survivors of these treatment protocols are infertile 
 [  22  ] . Patients treated with six or more courses of mechlorethamine, vincristine, pro-
carbazine, and prednisone (MOPP) demonstrated permanent azoospermia attribut-
able to the alkylating agents mechlorethamine and procarbazine. Hassel et al. studied 
testicular function after OPA/COMP (vincristine, prednisone, adriamycin/
cyclophosphamide, vincristine, methotrexate, prednisone) chemotherapy without 
procarbazine in boys with HD. These patients showed no major testicular damage 
compared with boys who had received OPPA/COPP (which includes procarbazine), 
providing strong evidence that procarbazine is a potent gonadotoxic agent  [  23  ] . 
A number of studies have reported permanent azoospermia in 99–100% of patients 
with HD who were treated with 6–8 courses of combination chemotherapy regi-
mens such as COPP (cyclophosphamide, vincristine, procarbazine, and predniso-
lone)  [  9,   11,   24  ] . CHOP (cyclophosphamide, doxorubicin, vincristine, prednisolone) 
or CHOP-like regimens such as those used for non-Hodgkin’s lymphoma (NHL) are 
generally less gonadotoxic than those used for HD, presumably due to the absence 
of procarbazine  [  25,   26  ] . Efforts to reduce the risk of sterility after HD include the 
use of ABVD (adriamycin, bleomycin, vinblastine, dacarbazine), an effective com-
bination that does not contain the alkylating agents chlorambucil or procarbazine 
 [  22,   27  ] , and other related regimens. In one study, Viviani and colleagues showed 
that while recovery of spermatogenesis after MOPP was rare, all patients who expe-
rienced oligospermia after ABVD recovered completely by 18 months  [  22  ] . 

 The gonadal toxicity of alkylating agents is clear when we contrast the above 
outcomes to those of children with acute lymphoblastic leukemia (ALL). In general, 
testicular function is normal in boys after chemotherapy for ALL  [  28  ] , and the clas-
sic antimetabolites used in the treatment of childhood ALL are not associated with 
long-term gonadal toxicity. While both vincristine and corticosteroids can cause 
immediate inhibition of spermatogenesis, recovery of spermatogenesis occurs fol-
lowing the cessation of these agents  [  29  ] . 

 The use of cisplatin is also associated with male infertility, with doses above 
600 mg/m 2  associated with signi fi cant impairment of spermatogenesis  [  30  ] . Patients 
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treated with cisplatin-based chemotherapy for osteosarcoma and testicular cancer 
are at risk for azoospermia. Lampe et al. evaluated 170 patients treated for testicular 
cancer who had received therapy with either carboplatin-based chemotherapy or 
cisplatin  [  31  ] . A median of 30 months after treatment, 32% of patients were azoo-
spermic and 25% were oligospermic. The probability of recovery was found to be 
higher in men who received carboplatin-based rather than cisplatin-based therapy 
and in those treated with fewer than  fi ve cycles of chemotherapy  [  31  ] . 

 Leydig cells are much less vulnerable to damage from cancer therapy than germ 
cells, likely due to their slow rate of turnover  [  3  ] . Chemotherapy-induced Leydig 
cell failure resulting in androgen insuf fi ciency or requiring testosterone replace-
ment therapy is rare. However, studies suggest that Leydig cell dysfunction may be 
observed following treatment with alkylator-based regimens. When Leydig cell 
dysfunction occurs prior to or during puberty, affected individuals will experience 
delayed and/or arrested pubertal maturation and lack of secondary sexual character-
istics  [  5  ] . If the insult follows completion of normal pubertal development, observed 
symptoms include loss of libido, erectile dysfunction, decreased bone density, and 
decreased muscle mass  [  5  ] . Measurements of testosterone and gonadotropin con-
centrations are therefore warranted following chemotherapy treatment. Males with 
a raised luteinizing hormone (LH) concentration in the presence of low testosterone 
levels should be considered for androgen replacement therapy.  

   Effects of Radiation 

 Data on human gonadal function following fractionated radiotherapy comes from 
patients with cancer who have received treatment in  fi elds near the testes and where 
scatter has occurred or who have testicular cancer or ALL in which the testes are 
likely to contain disease and are irradiated directly. The testis is exquisitely radio-
sensitive, with even very low doses causing signi fi cant impairment of function. 
Figure  2.1  illustrates the impairment of spermatogenesis following single-dose irra-
diation and the time to onset and recovery from the resulting germ cell damage.  

 Ash summarized the data from several older studies  [  32–  34  ]  that examined tes-
ticular function following radiation for patients who were treated for a range of 
cancers including HD, prostate cancer, and testicular cancer  [  35  ] . Oligospermia 
occurred at doses as low as 10 cGy and azoospermia at 35 cGy, though this was 
generally reversible. Alternatively, exposure to 200–300 cGy resulted in azoo-
spermia that did not reverse, even years after irradiation. These results have been 
supported by subsequent reports  [  36,   37  ] . Kinsella et al. studied 17 patients who 
received low-dose scattered irradiation for treatment of HD  [  36  ] . In cases where the 
testicular dose was less than 20 cGy, radiation had no effect on FSH levels or sperm 
counts. Doses between 20 and 70 cGy did cause a temporary dose-dependent 
increase in FSH and reduction in sperm concentration, though normal values 
returned within 12–24 months. 

 There are also data on germ cell function after treatment for testicular cancer. 
Hahn et al. examined gonadal function in 14 patients who were irradiated to the 
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para-aortic and ipsilateral pelvic/inguinal lymphatics with a “hockey stick”  fi eld 
following orchiectomy for seminoma  [  38  ] . The scatter dose to the remaining testicle 
in these 14 patients ranged from 32 to 114 cGy (median 82 cGy). Ten patients, all 
of whom received  ! 70 cGy to the testes, developed azoospermia between 10 and 
30 weeks following radiation. All patients except two recovered spermatogenesis, 
and the recovery time from azoospermia was dose dependent. 

 The previous data includes only patients who received incidental irradiation to 
the testes; however, there are situations in which children receive direct irradiation 
of the testes. Sklar et al. examined testicular function in 60 long-term survivors of 
childhood ALL  [  39  ] . All patients in the study had received identical chemotherapy; 
however, the RT  fi elds varied signi fi cantly: (1) craniospinal radiation and 1,200 cGy 
to the abdomen and testes (n = 11), (2) craniospinal RT with 1,800 or 2,400 cGy 
(estimated gonadal dose 36–360 cGy; n = 23), or (3) cranial RT with 1,800 or 
2,400 cGy (negligible testicular dose; n = 26). Based on measurements of serum 
FSH and testicular volume, which commenced at either 12 years of age or 7 years 
after diagnosis of ALL, gonadal function abnormalities occurred in 55%, 17%, and 
0% of patients in groups 1, 2, and 3, respectively. 

 Leydig cells in the testes are more resistant to radiation than germ cells. In the 
study by Kinsella and colleagues described previously  [  36  ] , patients with HD who 
received 6–70 cGy of scatter dose to the testes showed no elevation in LH or decrease 
in testosterone. However, higher radiation doses to the testes result in more marked 
Leydig cell damage. Petersen et al. followed 48 patients who received 1,400–
2,000 cGy of radiation for carcinoma in situ in the remaining testis following 
orchiectomy for testicular carcinoma  [  40  ] . All patients had serial hormone analyses 
and at least one testicular biopsy more than a year after irradiation. Out of 42 men 
for whom data was available, 18 received hormonal supplementation therapy 
because of symptoms of androgen insuf fi ciency. Irradiation with 2,000 cGy led to a 
complete eradication of germ cells; however, Sertoli and Leydig cells were still 
present in the seminiferous tubules and in the intertubular space, respectively. 

  Fig. 2.1    Effect of radiation dose on germ cell damage (Adapted from Howell et al.  [  50  ] , with 
permission from Oxford University Press)       
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 Data regarding Leydig cell function in young males following radiation comes 
primarily from studies that followed boys who received direct testicular irradiation 
for ALL. In the analysis by Sklar et al. mentioned previously  [  39  ] , only 1 out of 53 
boys tested for gonadotropins had an increased LH level, and only 2 out of 50 
patients tested had a reduced testosterone level. None of the boys had received 
greater than 1,200 cGy to the testes, however. By contrast, Blatt et al. followed 
seven boys who received 2,400 cGy testicular irradiation for relapsed ALL  [  41  ] , and 
all boys had elevated FSH. Four of these boys had documented bilateral testicular 
disease, and three of these showed delayed sexual maturation with low testosterone 
levels. There are data that suggest that the prepubertal testis is more susceptible to 
Leydig cell injury than the adult testis  [  42,   43  ] . Based on a study by Shalet et al. in 
seven prepubertal boys with ALL who were irradiated with 2,400 cGy to the testes, 
six of the seven ultimately developed overt Leydig cell failure and required andro-
gen replacement therapy  [  42  ] . 

 There are also data on germ cell function following total body irradiation (TBI) 
as part of transplant conditioning. Sarafoglou et al. followed 17 boys who had 
received cyclophosphamide and TBI (either 1,375 cGy or 1,500 cGy in 125 cGy tid 
fractionation) prior to puberty as part of a transplantation regimen for leukemia 
 [  44  ] . Fourteen of 17 patients (82%) entered puberty spontaneously, and of these, 13 
had normal testosterone levels. Of the three who did not enter puberty spontane-
ously, one patient had received a 1,200 cGy testicular boost in addition to TBI, and 
the remaining had very low levels of FSH and LH consistent with a prepubertal 
state. In a similar study, Couto-Silva et al. followed 29 boys who received TBI for 
different malignancies in combination with a variety of chemotherapy regimens 
 [  45  ] . TBI was given as a single 1,000 cGy fraction in 12 patients and in 200 cGy ! 6 
fractions (1,200 cGy) in 17 patients. At the last follow-up (average 10 years), 19/29 
boys (66%) had tubular failure associated with elevated FSH, and 8 (28%) also had 
Leydig cell failure. There was no relationship between the age at the time of bone 
marrow transplant (BMT) and serum FSH, LH, or testosterone levels. 

 Sanders et al. reported the Seattle Marrow Transplant Team’s  fi ndings of a high 
incidence of pubertal developmental delay in boys undergoing transplantation for 
leukemia who received cyclophosphamide and TBI (900–1,000 cGy in a single 
fraction or 1,200–1,575 cGy in 200–225 cGy daily fractions over 6–7 days)  [  46  ] . In 
the study, 31 boys were prepubertal at the time of transplantation (between the ages 
of 13 and 22), and 21 of these patients had delayed development of secondary sex-
ual characteristics. Serum gonadotropins were obtained in 25 of the 31 boys; of 
these, LH was elevated in 10 boys, normal in 12, and at prepubertal levels in 3.  

   Assessment of Testicular Function 

 It is clear from the medical literature that the male reproductive tract is highly sus-
ceptible to the toxic effects of chemotherapy and RT, which may damage the testes 
directly as well as disrupt the endocrine axis by altering Leydig cell function. 



212 Gonadotoxicity of Cancer Therapies in Pediatric and Reproductive-Age Males

Assessment of the effects of chemotherapy or radiation therapy on testicular 
maturation and function in male cancer patients is an important part of care and 
involves pubertal staging, plasma hormone analysis, and semen analysis. Pubertal 
staging provides clinical information about the two testicular functions: germ cell 
production and steroidogenesis. The development of normal secondary sexual char-
acteristics would suggest intact Leydig cell function with normal steroidogenesis, 
while testicular volume is an important indicator of spermatogenesis. Testicular vol-
ume of less than 12 mL, determined using a Prader orchidometer, is strongly sug-
gestive of impaired spermatogenesis. 

 Hormone analysis involves measurement of plasma FSH, LH, and sex steroids; 
however, in prepubertal children, this is an unreliable predictor of gonadal damage 
because the hypothalamic-pituitary-testicular axis is still quiescent. In postpubertal 
boys, elevated LH and diminished testosterone levels would indicate Leydig cell 
dysfunction, whereas elevated FSH and diminished inhibin B would suggest germ 
cell failure. 

 The gold standard for assessing a male patient’s fertility status after cancer ther-
apy is semen analysis  [  47  ] . It is important that semen samples are properly col-
lected, which usually involves the patient abstaining from sexual intercourse for 
3–5 days and then collecting the specimen by masturbation. Sperm count and qual-
ity can provide useful information about the likelihood of natural fertility or whether 
assisted reproduction may be required.  

   Conclusions 

 Cancer survivors are at risk for long-term treatment-related gonadal failure and 
infertility. It is essential for oncologists to consider the potential impacts of treat-
ment on every patient’s fertility. Counseling and treatment should begin prior to 
initiating chemotherapy or radiation therapy when a window of opportunity may 
exist to preserve future reproductive potential  [  48,   49  ]  and discussed in more detail 
in Chap.   3     of this volume.      
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