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Abstract 
High density materials are assigned with an apparent density of 3.2 g/cm3 in 
12-bit CT images due to saturation. This is often ignored in planning for 
spine tumors with titanium (density 4.40 g/cm3) spinal hardware. However, 
new cobalt-chrome hardware has a density of 8.11 g/cm3, which would in-
crease dosimetric uncertainty if the true density is not utilized in planning. 
This effect was evaluated in this study. Calculation accuracy was examined 
using MapCHECK2 with a single 20 × 10 cm2 field with a titanium and a co-
balt-chrome rod in a solid water phantom for 6X, 6FFF and 15X, at 2 cm and 
6 cm beneath the rods. Measurement was compared to the calculation with den-
sity override (DO) with the true density and to the calculation with no-density 
override (NDO). Additionally, the dosimetric effect in clinical treatment plans 
was investigated for six IMRT and VMAT paraspinal cases. Plan quality was 
compared with the original NDO calculation and the DO recalculation. Com-
pared to measurements, the treatment planning system (TPS) overestimated 
the dose locally by up to 13.2% for cobalt-chrome and 4.8% for titanium with 
NDO calculations. DO calculations improved the differences to 8.4% and 4.0%, 
respectively. Scatter from the rod increased the lateral dose and diminished as 
depth increased but was not properly accounted for by the TPS even with the 
correct density assigned. For the clinical plans, PTV coverage was lowered by 
an average of ~1.0% (range: 0.5% - 2.0%) and ~0.3% (range: 0.2% - 0.7%) in 
DO recalculations for cobalt-chrome and titanium, respectively. In conclusion, 
neglecting the true density of cobalt-chrome hardware during planning may 
result in an unexpected decrease in target coverage. 
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1. Introduction 

Metallic implants consisting of screw-rod systems are frequently used to recon-
struct and stabilize the spine following resection of metastatic and primary spin-
al tumor. As the life expectancy of these patients has improved due to advances 
in systematic and radiation therapy [1], an increased number of symptomatic 
implant failures, specifically rod fractures, have been diagnosed requiring com-
plicated revision surgery. The durability of spinal implants is dependent on 
achieving arthrodesis, which is difficult in heavily irradiated bone [2]. To reduce 
the risk of rod fracture in spine-tumor reconstruction, a more durable rod ma-
terial is needed [3] [4] [5] [6] [7]. The most commonly used spinal stabilization 
hardware is made of titanium, while new hardware systems have emerged in re-
cent years including those made with carbon-fiber-reinforced polyetheretherke-
tone (CFR-PEEK) and cobalt-chrome. Compared to titanium, cobalt-chrome is a 
stronger material with a higher physical density (~8.11 g/cm3 for cobalt-chrome 
and ~4.40 g/cm3 for titanium). With 12-bit CT, the apparent density of these 
high-density materials is approximately 3.2 g/cm3 due to Hounsfield Units (HU) 
saturation at around 3095. Without assigning the true density to these materials, 
dosimetric uncertainties may be introduced to the treatment plan. On the other 
hand, it can be a tedious process to contour the spinal fixation hardware and 
override the density. Therefore, it is not uncommon to calculate the dose for pa-
raspinal cases without overriding the true density of the standard titanium hard-
ware in clinical practice. However, the underestimation of density due to the sa-
turation of HU is larger for cobalt-chrome and the dosimetric uncertainty may be 
amplified. While the dosimetric effect of titanium hardware has been widely stu-
died [8]-[14], to our best knowledge, this is the first study to evaluate the dosime-
tric effect of cobalt-chrome spinal hardware for single fraction and hypofractio-
nated paraspinal IMRT and VMAT cases. Data is presented to support a clinical 
decision on the necessity to contour the hardware and assign the correct electron 
density for treatment planning. 

2. Methods and Materials 
2.1. Accuracy of Dose Calculation with Spinal Hardware 

Dose calculation accuracy with the presence of titanium and cobalt-chrome was 
verified with measurement using the MapCHECK®2 (Sun Nuclear, Melbourne, 
FL). A titanium rod and a cobalt-chrome rod were taken out of the spinal fixa-
tion systems (SymphonyTM OCT System, DePuy Synthes, Rayndam, MA) and 
were machined to embed in a solid water cuboid for easy measurement setup. 
The hardware cuboids were placed on a stack of 30 × 30 cm2 solid water slabs for 
measurement, with the center of the rods at 2.5 cm below surface. The inherent 
spatial resolution of MapCHECK2 is approximately 7 mm while the titanium 
and cobalt-chrome rods are approximately 6.4 mm in diameter. Therefore, the 
MapCHECK2 was shifted incrementally to achieve a measurement resolution of 1 
mm. For a single open field with a field size of 20 × 10 cm2, MapCHECK2 mea-
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surement was done at 2 cm and 6 cm below the center of the rods for 6X and 
15X beams. For 6FFF beam, a field size of 15 × 10 cm2 was used for measure-
ment due to beam model limitations in the treatment planning system. The 
measured beam profiles were symmetrized based on the average values of both 
sides to eradicate rod positioning error. To eliminate the effect of daily linac 
output fluctuation for comparison, the CAX dose from an open field measure-
ment (without rods) was normalized to the same point in dose calculation for all 
energies. Dose calculation was done with Eclipse v13.6 (Varian Medical Systems, 
Palo Alto, CA) using the AAA algorithm with 1 mm dose grid. The CT im-
age-set used for calculation was based on a virtual phantom that simulates the 
measurement setup. The rods in the CT (Brilliance Big Bore, Philips Medical 
Systems, Cleveland, USA) were assigned with 3095 HU, which was the saturated 
HU value, and the corresponding calculation was identified as no-density over-
ride (NDO). Another set of calculations was done with assigning the true densi-
ty, which was achieved by extrapolating the existing 12-bit CT calibration curve. 
The titanium and cobalt-chrome rods were assigned with 4782 HU and 10,549 
HU, which corresponded to a density of 4.40 and 8.11 g/cm3. The set of calcula-
tions done with the correct density was identified as density override (DO) cal-
culations. 

2.2. Dosimetric Effects on Plan Quality 

A total of six paraspinal cases, including five VMAT and one IMRT, from five dif-
ferent patients were randomly selected for a retrospective study. All patients have 
titanium spinal hardware in the proximity of the target. The disease location and 
the prescription information are tabulated in Table 1. The spinal hardware 
structures in the CT images were contoured so that the true density could be as-
signed manually. The rods and screws of the hardware were contoured separate-
ly. The titanium hardware set comprised both titanium rods and titanium 
screws, whereas the cobalt-chrome hardware set comprised of cobalt-chrome 
rods and titanium screws. It is worth noting that the construction of the tita-
nium hardware and cobalt-chrome hardware is identical, with only a difference 
in rod material in the hardware system. The original clinical treatment plan was 
calculated without proper density assignment to the metallic structures,  

 
Table 1. Patient information with disease location and prescription. 

Patient Disease Prescription Plan 

1 T9 - T12 6 Gy × 5 VMAT 

2 T4 - T5 8 Gy × 5 VMAT 

3 T10 - T12 24 Gy × 1 VMAT 

4 T5 24 Gy × 1 VMAT 

4 T8 24 Gy × 1 VMAT 

5 T9 24 Gy × 1 IMRT 
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based on a density of 3.2 g/cm3 and 3095 HU (i.e., NDO). Two other sets of cal-
culations of the same plan were done by assigning the hardware with 4782 HU 
and 10,549 HU, which correspond to a density of 4.40 and 8.11 g/cm3 for tita-
nium and cobalt-chrome, respectively. The plan quality of these plans was com-
pared to the original NDO plan where the hardware had no density-override. 

3. Results 
3.1. Calculation Accuracy with Single Open Field 

The comparison between MapCHECK2 measurements and calculations is sum-
marized in Figure 1 and Table 2. For a single open field, AAA underestimated the 
attenuation and lateral scatter of the rods compared to measurement. This effect 
was more prominent for cobalt-chrome compared to titanium. At 2 cm below 
the rods, without overriding with the true density, the ratio of NDO calculation 
and measurement was 1.131 for cobalt-chrome and 1.044 for titanium for 6X. 
The corresponding mean dose ratio within a 4 cm ROI (±2 cm around the cen-
tral axis of the rod) was 1.010 and 0.997 for cobalt-chrome and titanium rods, 
respectively. Dose calculation accuracy was increased by assigning the true den-
sity, where the point dose ratio decreased to 1.084 for cobalt-chrome and 1.036 
for titanium, while the mean dose ratios were similar, 0.999 and 0.995, for co-
balt-chrome and titanium rods, respectively. The minimal improvement in DO 
calculation for titanium was expected considering the misrepresentation for tita-
nium was 3.2 g/cm3 (3095 HU) in NDO calculation instead of 4.4 g/cm3 (4782 
HU) in DO calculation. However, the difference in erroneous density assign-
ment for cobalt-chrome was much larger, where the true value was 8.11 g/cm3. 
This resulted in a greater difference between NDO and DO calculations for co-
balt-chrome. The results of the 6FFF beam were very similar to 6X since the 
energy was also very similar. For 15X, the point dose ratio was 1.095 and 1.033 
and the mean dose ratio was 1.009 and 1.000 for cobalt-chrome and titanium 
rods, respectively, when comparing measurement to NDO calculation. With DO 
calculation, the point dose ratio to measurement improved to 1.064 and 1.028, 
and the mean dose ratio was 1.001 and 0.998 for cobalt-chrome and titanium 
rods, respectively. 

Even with the true density assigned in calculation, AAA was not able to account 
for the presence of high density material properly. The magnitude of the dosi-
metric discrepancies between calculation and measurement was consistent at a 
deeper depth, where the dose ratios at 2 cm and 6 cm below rods were within 
0.8% for both rods and all energies. The local dose differences within ±2 cm 
from the central axis of the rod suffer from the underestimation of lateral scatter 
due to the limitation of “modified” pencil beam kernel used in the AAA algorithm 
[15] [16] [17]. This was more apparent at 2 cm below the rod than at 6 cm as shown 
in Figure 2(b) and Figure 2(d), as the lateral scatter contribution from the rod 
diminished at a deeper depth. This effect was more prominent for cobalt- 
chrome (i.e., material with higher density) and 6X and 6FFF beams (i.e., lower  
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Figure 1. Ratio of dose calculation and MapCHECK2 measurement, with and without density override (DO and NDO) for a sin-
gle open field with titanium and cobalt-chrome rods at (a) 2 cm below rod and (b) 6 cm below rod. The mean dose ratio was de-
fined as the average dose ratio within a ROI ±2 cm about the central axis of the rod and the point dose ratio was the dose ratio at 
the central axis of the rod. 
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Figure 2. Profile comparison between calculations and measurements, with and without density override (i.e. DO and NDO), for 
a single open field exposed to (a) a titanium rod and (b) a cobalt-chrome rod, at 2 cm below the rods; and (c) and (d) are the pro-
files at 6 cm below the titanium rod and cobalt-chrome rod, respectively. The ratios between calculations and measurements are 
plotted in dotted lines. 
 
Table 2. Dose ratios between calculations and MapCHECK2 measurement for a single open field with titanium and co-
balt-chrome rods (calculation/measurement). The point dose ratio was the dose ratio at the central axis of the rod and the mean 
dose ratio was defined as the average dose ratio within a ROI ±2 cm about the central axis of the rod. 

Beam Rod 

2 cm below rod 6 cm below rod 

NDO calculation/M DO calculation/M NDO calculation/M DO calculation/M 

Point Mean Point Mean Point Mean Point Mean 

6FFF 
Ti 1.048 0.999 1.040 0.997 1.047 1.002 1.036 0.999 

CoCr 1.132 0.996 1.078 0.983 1.127 1.002 1.071 0.988 

6X 
Ti 1.044 0.997 1.036 0.995 1.043 1.003 1.033 1.000 

CoCr 1.131 1.010 1.084 0.999 1.129 1.018 1.080 1.006 

15X 
Ti 1.033 1.000 1.028 0.998 1.034 1.003 1.028 1.001 

CoCr 1.095 1.009 1.064 1.001 1.095 1.014 1.064 1.006 
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energy). Although the shape of the dose distribution below the rod was not ac-
curately modeled by AAA, the integral dose was consistent for all energies and 
all depths based on the mean dose ratios of 0.997 on average for cobalt-chrome 
(range: 0.983 - 1.006) and 0.998 on average for titanium (range: 0.995 - 1.001), 
when comparing DO calculation to measurement. 

3.2. Dosimetric Impact on Clinical Cases 

The local dose differences observed in the single field measurements were dimi-
nished for clinical IMRT and VMAT plans, where beams were oriented in mul-
tiple directions. In general, there was an overall decrease in dose in DO recalcu-
lations as expected for the six paraspinal cases (see Table 3). Due to the larger rel-
ative difference in apparent density (in original NDO calculation) and true density 
(in DO recalculation), a greater difference in dose was seen in the DO recalculation 
for cobalt-chrome than for titanium as demonstrated in Figure 3. Recalculation 

 
Table 3. Difference between recalculation (DO) and original calculation (NDO) for six 
paraspinal cases. 

Patient ROI Metric 

Recalculation (DO) -  
Original (NDO) calculation 

Titanium Cobalt-chrome 

1 PTV V95% −0.2% −0.9% 

  Max −0.8% −1.8% 

 Cord Max −18.3 cGy −24.7 cGy 

 Cauda Max −8.4 cGy −12.0 cGy 

 Bowel Max −2.0 cGy −7.1 cGy 

2 PTV V95% −0.2% −0.5% 

  Max −0.2% −0.9% 

 Cord Max 2.4 cGy 5.8 cGy 

 Lt brachial plexus Max −3.3 cGy −7.2 cGy 

 Rt brachial plexus Max −1.6 cGy −3.9 cGy 

3 PTV V95% −0.2% −0.5% 

  Max 0.0% 0.0% 

 Cord Max 2.0 cGy −12.7 cGy 

 Bowel Max −31.1 cGy −33.0 cGy 

 Stomach Max −1.2 cGy −4.7 cGy 

4 (T5) PTV V95% −0.6% −1.0% 

  Max −2.2% −2.4% 

 Cord Max −6.9 cGy −16.3 cGy 

 Esophagus V18Gy −0.2 cc −0.3 cc 
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Continued 

4(T8) PTV V95% −0.2% −0.9% 

  Max 0.4% −0.3% 

 Cord Max −6.0 cGy −22.1 cGy 

 Heart Max −6.2 cGy −21.2 cGy 

  D15cc −4.6 cGy −11.8 cGy 

 Esophagus V18Gy −0.1 cc −0.2 cc 

5 PTV V95% −0.7% −2.0% 

  Max −0.5% −1.3% 

 Cord Max −6.3 cGy −22.1 cGy 

 

 
Figure 3. Isodose distributions of NDO calculation, DO calculation for titanium hard-
ware, and DO calculation for cobalt-chrome hardware for Patient 1. PTV is depicted with 
the red contour. PTV coverage is slightly degraded with the DO calculation for cobalt 
chrome hardware as shown by the 100% isodose line (green) compared to the NDO calu-
lation and the DO calculation for titanium hardware. 
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with DO minimally lowered the PTV coverage (V95%) by an average of ~0.3% 
(range: 0.2% - 0.7%) and ~1.0% (range: 0.5% - 2.0%) for titanium and co-
balt-chrome, respectively. For Patient 2, the slight increase in maximum cord 
dose in DO recalculations of both rod materials may be due to the proximity of 
the screws to the cord. Similarly, for Patient 3, the maximum cord dose was mi-
nimally higher in the titanium recalculation as the cord was in close proximity to 
the screws. However, the effect of the increased lateral scatter from the titanium 
screws was diminished compared to the high attenuation of the cobalt-chrome 
rods. This was not observed in Patient 2 because the plan consisted of 2 full rota-
tional arcs while the plan for Patient 3 consisted of 6 partial posterior arcs. 

4. Discussion 

In general, contouring the spinal hardware and overriding the density is not part 
of the standard planning process in our clinic. The concern in dosimetric uncer-
tainty may not be prominent based on the density of titanium, which is the 
standard material used in spinal support hardware. However, this may no longer 
be true for cobalt-chrome rods, which emerged as a new and sturdier spinal 
hardware, with a higher density than titanium (8.11 g/cm3 vs. 4.40 g/cm3). The 
dosimetric uncertainty mainly arises from two factors: 1) erroneous assignment 
of HU due to the limitation of 12-bit CT, and 2) dose calculation inaccuracy 
with high density materials. The HU assignment problem may be resolved by an 
extended CT curve or a 16-bit CT [18] [19] but it should be cautioned that the 
resultant electron density should be verified. At the end of this study, all CT 
scanners at our institution were upgraded to be 16-bit. The CT calibration curve 
was reacquired using a CT calibration phantom with titanium and stainless in-
serts. With 10 different CT units in our network, a remarkable variation in HU 
of these high density materials was observed although all units were configured 
with the same kVp (i.e., 120 kV) and similar mAs settings. For example, one 
scanner determined the titanium rod to have a HU of 7360, which corresponded 
to a relative electron density of 5.4 but the true electron density of titanium is 
3.8. For cobalt-chrome rod, the HU was 16,669, which corresponded to a relative 
electron density of 12.8 while the true value should be 7.3. These large discre-
pancies warrant density override. The variation in HU for high density material 
is not yet fully understood and is under active investigation. A possible alterna-
tive solution would be dual-energy CT, which has been proven to reduce metal 
artifacts and quantify the material property more accurately [20] [21] [22]. 

The second culprit of dosimetric uncertainty in calculating with metallic ob-
jects is inherent in the limitation of the calculation algorithm in the treatment 
planning system. While it has been widely established that Monte Carlo algo-
rithms can best estimate the dose distributions with the presence of metallic im-
plants [9] [11] [23] [24], dose calculation with high density materials is not ac-
curate with the AAA algorithm. As demonstrated from the open beam mea-
surements in Figure 2, AAA underestimated the lateral scatter and attenuation 

https://doi.org/10.4236/ijmpcero.2022.113015


G. Tang et al. 
 

 

DOI: 10.4236/ijmpcero.2022.113015 185 Int. J. Medical Physics, Clinical Engineering and Radiation Oncology 
 

of titanium and cobalt-chrome, and the inaccuracy increased with material den-
sity. This is consistent with the findings of Lloyd and Ansbacher [25], where they 
observed inaccuracy in both lateral scatter and attenuation in AAA calculations 
with stainless steel, which has a similar density to cobalt-chrome. 

As expected, based on the results in Figure 1, the dosimetric uncertainty for 
15X is less compared to the lower energy beams but 6X and 6FFF are the typical 
energy choices for paraspinal treatment. Using preferential beam angle is a good 
solution where beam entries are avoided and is often adopted in pelvic cases 
with hip prosthesis [26] [27] [28] but this is limited for paraspinal cases as post-
erior beams are preferred. Another option is to assign the spinal hardware as 
“avoidance structures”, which can further limit beam entrance/exit during opti-
mization (note that this option might not be available in some treatment plan-
ning systems). Nonetheless, for the six patient cases in this study, the dosimetric 
impact was diminished in IMRT/VMAT plans with multiple beams, i.e., the av-
erage difference between NDO calculations and DO calculations was within 1% 
in target coverage for cases with cobalt-chrome hardware. On the other hand, 
the optimization algorithm is capable of handling high-density materials if DO is 
utilized. Individual clinics should weigh the clinical significance of these dosi-
metric uncertainties, and the additional time taken to contour and reassign the 
support hardware with the true density for any changes in practice. 

5. Conclusion 

In addition to the intrinsic limitation in dose calculation accuracy in the treat-
ment planning system, dosimetric uncertainty is increased with cobalt-chrome 
spinal hardware, especially when the incorrect HU value is assigned due to CT 
saturation. This may lead to an unexpected decrease in target coverage if proper 
care is not taken. 
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