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PART I: OUTCOMES AND VARIATION IN MANAGEMENT

In Chapter 2 we retrospectively analyzed the outcomes of surgically treated primary 
and first time local recurrent sacral chordoma. A combination of surgical resection and 
adjuvant radiotherapy resulted in good overall survival, local relapse free survival, and 
distant relapse free survival in patients with either a primary tumor or with a first time 
local recurrent tumor.

When discussing this study, it is important to take into account two limitations. 
First, to have a homogenous study population we only included surgically treated 
patients and excluded patients treated with definitive radiotherapy. Second, to obtain 
sufficient numbers we included patients over a 35-year period. Treatment strategies and 
techniques changed over these years. Yet this also allowed us to better analyze the role 
of radiotherapy.

One issue when trying to find predictors for survival or recurrence is the small number 
of patients that are available. Most studies treat primary tumors and local recurrences as 
one study population [1-9]. We believe this can influence the results, for example the sizes 
of the tumors differed significantly in our study. Interestingly, tumor size is often correlated 
with worse survival in studies that combined both groups [1, 9]. But other factors like 
differences in proteomic profiles [10] may also influence outcomes. Local recurrence 
poses a real challenge when treating sacral chordoma. Local relapse free survival rates at 
5 years range from 59% to 100% [6, 11-13] (86% in this study). That adjuvant radiotherapy 
aids in the local control of primary sacral chordoma was confirmed using multivariate 
analysis in the current study. The use of adjuvant radiotherapy has been debated over 
the last decades, but over the last 15 years it has been fairly consistently used in cases 
where obtaining wide surgical margins is difficult [11, 12, 14-16]. The use of radiotherapy 
might also explain the favorable results in local control for patients presenting with a first 
time local recurrent tumor (79% free of local recurrence at 5 years), compared to current 
literature (47% to 57% free of local recurrence) [6, 9, 13].

The purpose of Chapter 3 was to compare quality of life outcomes after en bloc 
sacrectomy, based on the level of resection. We concluded that sacrificing the S3 nerve 
root bilaterally decreases mental and physical health. Sacrificing the S2 nerve root 
bilaterally decreases the ability to have an orgasm.

A crucial limitation in this study is the lack of a preoperative baseline measurement. 
Meaning that we did not measure the effect of the surgery on the quality of life within 
the same patient but had to compare results postoperatively between the groups (groups 
were based on the level of nerve roots resection).

The most interesting finding was the decrease in physical and mental health when 
S3 was sacrificed. These results were comparable with one other study [17]. Studies 
performed from a physiological point of view explain that the S3 nerve root is important 
for normal bladder, bowel, and sexual function [18-21]. This might explain the decrease in 
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quality of life when S3 was sacrificed.
In Chapter 4 we analyzed the original sacral tumor survey. We were able to shorten 

the survey substantially and include a newly recognized domain namely, social health.
We recognize that we used traditional methods of analyzing reliability, validity, and 

coverage, while more advanced methods are available. These newer methods require 
large sample sizes. Giving the rarity of these tumors, we decided to use the traditional 
methods.

The depression and anxiety questionnaires showed poor coverage in our patient 
population. These findings were in line with previous published studies suggesting the 
questionnaires are not appropriate for patients with relatively little mental health issues 
[22-24]. The physical function domain of the global health questionnaire measured 
the same construct as the lower extremity function questionnaire. Considering these 
overlaps, we decided to only include the complete global health questionnaire, including 
both the mental and physical health domains in the new sacral tumor survey. Pain was 
measured using two questionnaires: the pain interference and pain intensity scale. These 
questionnaires measured the same construct [23]. The interference score performed 
the best and was included in the new survey. The International Continence Society Male 
questionnaire was included in the old survey. As the name suggests, this survey was only 
validated for men, specifically with prostatic disease [25, 26]. We made a recommendation 
for a new survey validated for males and females, namely the Urogenital Distress Inventory 
[27]. To measure gastrointestinal symptoms the MODS was used. This survey is rarely 
used and therefore difficult to use for comparison. We recommend using the PROMIS 
gastrointestinal symptoms scale [28], a novel tool. The qualitative methodology of this 
study helped us to recognize a new domain which was deemed important by patients 
namely, social health. This was already recognized through another study performed by 
Davidge et al. in 2010 [29]. We recommended to include the PROMIS “Ability to participate 
in social roles and activities” questionnaire to address this issue [30]. We were able to 
shorten the survey to 54 questions to cover all relevant aspects of quality of life for sacral 
tumor patients.

No definitive answer exists on how to treat sacral chordoma, which creates variability 
in treatment recommendation. In Chapter 5 we sought to better understand what 
patient and tumor characteristics influence this variability. We also specifically looked 
at differences in recommendations between surgical and non-surgical specialists. It 
has to be taken into account that not all invited physicians participated in this survey 
study (responses: SORG members 44%; Chordoma Foundations member 9.3% and CTOS 
members 7%). Of the respondents most were Western physicians, which may limit the 
studies generalizability.

We found that surgical specialists were more defensive in recommending adjuvant 
radiotherapy. Possibly because radiotherapy is associated with wound healing problems 
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[31], which is already a common complication after sacral chordoma surgery [32-34]. 
Recommendations from both groups were influenced by the tumor location: resection 
for the distal tumors and definitive radiotherapy for the more proximal tumors. This could 
be explained by the surrounding vital structures and the weight bearing function of the 
proximal sacrum, making resection much more complicated [35, 36]. Both groups agreed 
that a larger tumor should be treated with a combination of surgery and radiotherapy. It is 
known that larger tumor size influences outcomes negatively [1, 34]. Larger tumors tend 
to be less sensitive to radiation, which makes these tumors even more difficult to treat. 
Development in radiation delivery methods and usages of proton particles are showing 
promising results and might be of value in adjuvant or definitive treatment of chordoma 
[37]. Management of sacral chordoma requires a multidisciplinary approach.

PART II: EFFECT OF RADIOTHERAPY ON BONE

In Chapter 6 we set out to learning more about the role of radiotherapy on insufficiency 
fractures of sacrum unaffected by primary tumor or metastases. We did so by performing 
a systematic literature study. This meant we did not include studies of sacral chordoma, 
but rather studies of patients with soft tissue pelvic tumor that were treated with at least 
radiotherapy.

Including only pelvic soft tissue tumor inevitably led to the inclusion of mostly female 
patients. This made our results possibly less translatable to males. We found that not all 
studies presented the number of patients with a sacral insufficiency fracture, but rather 
the total number of sacral fractures since a single patient could have multiple fractures. 
This made it more difficult to answer our study questions.

Higher fracture rates were found in studies who followed-up on their patients more 
frequently. Interestingly Blomlie et al. [38] found that 79% of the lesions subsides within 
the 30-month study period. This underlines the issue of studies using different imaging 
follow-up protocols. Another interesting finding was the lower fracture rates found in 
studies using intensity modulated radiotherapy (IMRT). De Francesco et al. [39] even 
reported zero fractures using IMRT. A dosimetric study was performed by Ramlov et al. 
[40] and they found a decrease in fracture rate of 23% when dosages were decreased 
from 40 Gy to 35 Gy.  The dose effect could explain the lower fracture rates in the studies 
by Bazire et al. [41] and De Francesco et al. [39]. Even though we were strict with inclusion, 
heterogeneity of the studies remained an issue. It does seem that higher dose (>39.6 Gy), 
abnormal BMI, and the use conventional radiotherapy increased fracture risk.

In Chapter 7 we continued exploring the effects of radiation on sacral bone. We 
measured the trabecular density of bone in the sacrum using computed tomography (CT) 
derived Hounsfield units, and compare the density before and after high dose radiation 
within the same patient.

Because this was a retrospective study, the CT scans used were not performed 
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FUTURE PERSEPCTIVES

One of the biggest limitations in our studies, but also in literature, are the small patient 
populations. The rareness of the disease is the main cause of this. We presented one of 
the largest sacral chordoma series in Chapter 2 by including 101 patients, but much larger 
numbers are needed to study this disease in even more depth. Therefore, we recommend 
the centralization of treatment in specialized centers and multicentered trials. The Sacral 
Study Tumor Group including physicians treating sacral chordoma from different hospitals 
in the United States is an example of such an effort. Sharing knowledge, experiences and 
data is the key to better understand and treat rare diseases such as sacral chordoma.

During the course of this thesis we also studied role of proton beam radiotherapy. 
Most of the studies presented in this thesis were conducted in the Massachusetts General 
Hospital in Boston, a proton beam radiotherapy center. This thesis does not go into 
proton therapy greatly. We do believe there is a role for proton therapy in the treatment 
of sacral chordoma. It allows for higher dosages and less damage to surrounding tissues. 
We conducted a study specifically looking at the effect of proton beam radiotherapy on 
the effect of sacral bone. This study is currently being analyzed and will hopefully be 
published soon.

The last few decades there have been tremendous developments in technology and 
knowledge allowing for more treatment options leading to better survival. Survival means 
longer life, but does it also entail quality of life? Not necessarily. Measuring survival is 
easier compared to measuring quality of life. The quality of the life years gained should 
always be taken into consideration and keep on being studied. During the shared decision 
making it is important that there is proper data to explain the balance between treatment 
and quality of life to the patients.

specially for this study. No phantom was used, and not all CT protocols were the same. 
Using conversion formulas and comparing the ratios of radiated to non-radiated bone 
within a single patient, we were able to make reliable comparisons.

We found that the high dose radiotherapy decreased trabecular bone mineral density 
within weeks. Similar results were found in a study looking at bone mineral density 
changes of thoracic and lumbar vertebral bodies in patient treated with chemoradiation 
(using photons only) for abdominal tumors [42]. Most studies discussing this subject are 
animal studies [43-45]. One theory derived from these studies is that the decrease could 
be attributed to an early post-radiation activation of existing osteoclasts. This results in a 
decrease of the trabecular bone and therefore the trabecular bone mineral density [46]. 
Trabecular bone is not regenerated due to of lack of scaffold to guide osteoblast. These 
are all factors that may attribute to bone fragility and an increased fracture risk. High 
dose radiotherapy is proving to be an important part of treating malignancy, but loss of 
trabecular bone should be taken into consideration when planning treatment.
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CONCLUSIONS & RECOMMENDATIONS

- A combination of surgical resection and adjuvant radiotherapy resulted in good 
overall survival, local relapse free survival, and distant relapse free survival in patients 
with either a primary tumor or with a first time local recurrent tumor. (Chapter 2).

- We recommend radiotherapy to be considered as an adjuvant treatment.

- Resection of nerve roots affects the quality of life drastically (Chapter 3):
 • Sacrificing the S3 nerve root bilaterally decreases mental and physical health. 
 • Sacrificing the S2 nerve root bilaterally decreases the ability to have an orgasm. 

- We recommend using the revised sacral tumor survey to get a complete outcome 
with minimal burden for the patient, when measuring quality of life.

- Surgical specialists are more defensive in recommending pre and/or post-operative 
radiotherapy compared to non-surgical specialists (Chapter 5).

- We recommend planning treatment of sacral chordoma patients in a multidisciplinary 
setting.

- Sacral insufficiency fractures after pelvic radiotherapy are common, but fracture 
rates vary widely in current literature (Chapter 6).

- Conventional radiotherapy (versus intensity modulated radiotherapy), higher dose, 
and abnormal BMI seem to increase fracture risk (Chapter 6). 

- Trabecular density decreases significantly within weeks after radiotherapy with 50.4 
Gy (Chapter 7).

- We recommend standard imaging follow to not only focus on tumor progression but 
also on potential insufficiency fractures of radiated bone.

- We recommend, where possible, to minimize radiation to healthy bone. Possibly by 
using intensity modulated radiotherapy and/or proton radiotherapy.
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