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SECONDARY DENTIN FORMATION AND ROOT CANAL OCCLUSION IN
MIDDLE-AGED TO ELDERLY MEN IN A VA DENTAL LONGITUDINAL

STUDY

Shaun Patrick Woo

ABSTRACT

Root canal calcification (RCC) due to secondary dentin formation has been

recorded in previous studies. These studies indicate that RCC is a continuous process

with age, but the cross-sectional nature of the study design precludes reaching a firm

conclusion on this point. The present longitudinal study was undertaken to determine if

RCC is a continuous process and to determine if it is affected by any systemic factors.

Periapical radiographs were taken at 3 year intervals for up to 30+ years of caries-free,

unrestored mandibular first bicuspids (n=72 subjects) enrolled in the VA Dental

Longitudinal and Normative Aging Study. Radiographs were scanned (2400 dpi) and the

images analyzed using an IDL (RSI, Colorado) based image analysis tool. Cervical and

occlusal wear, periodontal health, and a history of smoking and heart disease were

recorded. 3 ratios were measured: canal height to tooth height and root canal width to

root width at the cementoenamel junction (CEJ) and at the 4 increment beneath the CEJ.

At /, and 34 increments, the canal was scored as being visible or not visible. Our results

show mean changes per year for the CEJ ratio = -00275, 4 ratio = -00154, and height

ratio = -.00480 with 95% confidence intervals of -.00319 to - 00232, -.00154 to -0.0122.

.00613 to -.00348 respectively. RCC as a function of age was significant for all criteria

(p<.0001 to p3.0005). The relationship between heart disease and RCC was significant

at the CEJ ratio and 34 level (p=.014 and p3.05 respectively). These results confirm that



age is the most important determinant of RCC. They also suggest that there may be a

significant association between RCC and heart disease. Supported by UCSF

Departments of Growth and Development and Preventive and Restorative Dental

Sciences, U.S. Department of Veterans Affairs, K24 DE00419 (NIDCR), and Various

Donor's Fund (AJK).
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I. INTRODUCTION

The elderly who maintain their dentition enjoy a healthier!-3 and happier life.2, 4,

* Thus with an increasing proportion of the population both living longer and retaining

more teeth,6 a goal of the dental profession should be to maintain these teeth in a healthy

and functional state for as long as possible. In order to do this, the clinician must be able

to differentiate pathological from physiologic processes in the dentition of individuals of

advanced age; a distinction that will require that the naturally occurring, age-related

changes in teeth be well understood.

Changes to the dentition associated with the natural process of aging include

attrition of the occlusal surfaces,7° periodontal bone loss,” thickening of the

cementum,7,8 root resorption,7transparency of dentin at the apical portions of the root,7.

8 and deposition of secondary dentin within the root canal space.7. 10-20 Some of these

changes, specifically secondary dentin formation, have been proposed as biomarkers of

the ageing process, and used to estimate chronological age particularly in anthropological

studies and in forensic analysis.7, 8, 11-13, 18-20

The association between age and the deposition of secondary dentin within the

root canal was first suggested in 1925 by Bodecker following histological examination of

teeth.” Since then, root canal closure (RCC) due to secondary dentin formation has been

recorded in a number of cross-sectional population studies using measurements of

sectioned, extracted teeth or of radiographic images of teeth to assess the extent of canal

closure.19, 14-17 (Fig.1) However to our knowledge, no long-term, longitudinal study

exists on RCC as a function of age. Furthermore, no conclusive associations have been



established with respect to the relationship of RCC to life-style habits, systemic diseases,

or local factors.

58 years old 77 years old

Figure 1. Radiographs showing root canal calcification in a permanent mandibular
first bicuspid. Note the patent root canal space in the radiograph on the
left when the subject was 58 years old and the complete occlusion of the
same tooth at age 77.

On a cellular level, dentin is formed by mineralization of predentin, which has

been formed by odontoblasts. When dentin is mineralized before root completion, it is

termed primary dentin. After root formation is complete, secondary dentin is deposited.

Secondary dentin formation is a natural process, consistent with the normal physiology of

the pulp tissue and root canal system. It occurs throughout the life of the tooth.

Secondary dentin contains fewer tubules than primary dentin and usually there is a bend

in the interface between primary and secondary dentin. Secondary dentin appears in



greater amounts on the roof and floor of the coronal pulp chamber, where it protects the

pulp from exposure (ie. attrition) in older teeth. A third type of dentin, accordingly

named tertiary dentin, is deposited quickly in response to trauma or other noxious stimuli,

for example, caries or physical trauma22, 23

Clinically, RCC can lead to a color change of the crown, loss of sensitivity of

teeth to electric and thermal stimuli, and possibly to pulpal necrosis with extension into

the periradicular area, resulting in the need for root canal treatment.24 Studies of root

canal spaces occluded with tertiary dentin show an incidence as low as 0%23 and to as

high as 16%26 of the teeth developing periapical pathoses.25-31 The clinical T.

ramifications of secondary dentin formation and narrowing of the root canal space are not :

fully known. A loss of sensitivity may lead to a delay in seeking essential dental

treatment, due to the lack of symptoms. If secondary dentin deposition leads to canal

occlusion, and the same percentage of teeth required endodontic treatment as those teeth

occluded with tertiary dentin, then potentially thousands of older individuals would

ultimately require root canal treatment or extractions of affected teeth. Moreover, the

treatment of calcified canals can be technically difficult, leading to a poor prognosis for

traditional endodontic treatment. Indeed, in a survey of the Diplomates of the American

Board of Endodontics, 85% responded that they considered RCC as a potential obstacle

to non-surgical root canal treatment.32

II. REVIEW OF THE LITERATURE

The association between age and deposition of secondary dentin within the root

canal was first suggested in 1925 by Bodecker following histological examination of



teeth.21

Since then, root canal closure (RCC) due to secondary dentin formation has been

recorded by measurements made on histological sections of extracted teeth?, 10-13, 19.

20, 23, 33, 34 and on dental radiographs.14–17 Most investigators have measured a ratio

of root canal height to tooth height and/or root canal width to root width at varying levels

of the root canal to account for variations in tooth sizes amongst different individuals.10,

14, 17 Other investigators have measured the canal width and height and added these

measurements to obtain an overall score of RCC for a particular tooth.13, 16

In erupted teeth, secondary dentin formation occurs throughout life in all three

dimensions of space: buccal-lingual," mesial-distal,13-17 and occlusal-apical.14-16

The rate of RCC appears to be relatively constant.10, 14-16 However, it appears that the

occlusal-apical rate of closure may be greater than the rate of mesial-distal or buccal

lingual closure.15, 16

Because of the relative constant rate of RCC,10, 14-16 investigators have

proposed the use of secondary dentin deposition as a biomarker of aging (ie. a means to

assess the physiological age of the subject) and as an indicator of chronological age,

which has proven useful in both anthropological and forensic analysis.7, 18-29, 33. 35-37

However, the constancy of secondary dentin deposition with age has been challenged.

Two studies have reported an increase in rate of secondary dentin deposition with

increasing age." 5, 17 Thus, without evidence obtained longitudinally, it is difficult to

determine if RCC is a constant process or a process that accelerates with age.

Although secondary dentin formation appears to be a physiologic process, a



number of efforts have been made to determine whether it can be influenced by

environmental or pathological factors (i.e. intrinsic or extrinsic factors).

Systemic conditions have been shown to correlate with RCC in several case

reports with patients receiving corticosteroid medication for systemic lupus

erythematosus and renal disease.98.39 Furthermore, RCC has been associated with

calcification-related diseases (arthritis, gout, kidney stones, gallstones, atherosclerosis,

and hypertension).5

The literature is equivocal as to whether occlusal wear affects secondary dentin

deposition. Historically, it was thought that secondary dentin was deposited in the pulp

chamber in response to occlusal wear particularly in the teeth in contact with the occlusal

forces.” However, Philippas compared occlusal wear and age to secondary dentin

deposition in contemporary (teeth extracted in the 1950's and 1960's) and teeth from

ancient Egypt and found no correlation between secondary dentin deposition and occlusal

wear when the latter did not penetrate the dento-enamel junction.”

The literature on the effect of periodontal disease on the pulp and secondary

dentin deposition is also inconclusive.*0-42 Based on histological analyses, Mazur et

al+2 found no correlation between the severity of pulpal pathosis and the severity of

periodontal disease. The pulps of the teeth, regardless of periodontal involvement,

presented with similar histology. Unfortunately, these investigators did not examine

changes occuring in secondary dentin deposition.” Lantelme et al 40 compared the

amount of secondary dentin in teeth with severe periodontal disease with those with a

normal periodontium, controlling for age. They concluded that teeth with periodontal



disease showed an increase in secondary dentin deposition in the cervix and mid-root

measurement areas.

No studies exist on whether cervical wear significantly affects root canal closure.

Phillapas and Applebaum observed an increase in the deposition of secondary dentin on

the pulpal wall adjacent to the area of cervical wear but did not compare this finding to

any controls.11-13

In general, the results of previous studies have not been conclusive and no “risk

factors” for RCC have been unequivocally identified. However, it remains possible that

such risk factors/associations do exist but have been missed because of the technical

difficulties in making accurate, unbiased measurements of the root canal space and the

absence of dental radiographs collected on individuals followed systematically over a

long period of time.

In the present study, we have reduced the bias in making measurements by using a

computer-based system for calculating the dimensions of the root canal from radiographs.

Furthermore, we have been able to take advantage of radiographs collected as part of a

long-term, longitudinal study of dental aging to look for risk factors/associations that may

influence RCC. Specifically, in this study, we sought to determine whether there is an

association between occlusal wear, cervical wear, periodontal disease, smoking, and heart

disease and RCC.

III. HYPOTHESIS

We hypothesize that the longitudinal deposition of secondary dentin results in the

progressive calcification of the root canal space, and that the rate of canal closure per year

:



varies in different individuals. We hypothesize that this individual, subject-dependent

canal closure rate depends on other factors related to dental health, systemic health and

lifestyle factors. Our specific aims are described below.

IV. SPECIFIC AIMS

1. To establish and validate quantitative techniques for assessing root canal

dimensions from periapical radiographs. In order to achieve this, we will

construct a phantom using an extracted tooth embedded in acrylic, obtain

radiographs with x-ray tube angulation varying from 0 to +/- 40 degrees on a

horizontal plane and from 0 to +/- 20 degrees on a vertical plane. The impact

of angulation on the ratio of canal width to root width at different increments

along the tooth will be determined. Similarly, the impact of angulation on the

ratio of canal height to root height will also be determined. These

measurements will permit us to define the error bound by our measurements.

2. To determine the longitudinal progression of canal calcification. This will be

done in a cohort of 72 men, in which periapical radiographs were taken

approximately at 3 year intervals for up to 30 years in some cases. We will

measure the width of the canal at different sites along the tooth, monitor the

changes in the width, and calculate the rate of canal calcification per year.

3. To determine whether a relationship exists between root canal calcification

and periodontal disease, occlusal wear, and cervical wear by correlating root

canal measurements while controlling for age.

4. To determine whether a relationship exists between root canal calcification

and smoking and heart disease, while controlling for age.



V. METHODS

A. SUBJECTS

1. VA Dental Longitudinal and Normative Aging Study

Periapical radiographs were obtained from the VA Dental Longitudinal Study and

Normative Aging Study (Boston University). These studies were initiated in the mid

1960’s with men who ranged in age from 25 to 85 years. Initially, 804 dentate

individuals were enrolled in the study. However, as of December 1996, 166 individuals

had died. Inclusion criteria for the dental longitudinal study were healthy men who were

likely to stay in Boston and had greater than 2 teeth. The subjects were seen

approximately every 3 years for a comprehensive dental exam and full mouth

radiographs.

2. Inclusion / exclusion criteria

Inclusion criteria

O mandibular left and right first bicuspids.

Exclusion criteria

O pulp stones

O root canal treated teeth.

e greater than one root or one root canal space.

O presence of a carious lesion penetrating more than 1 mm into enamel

O root caries

O fractured tooth structure extending into dentin

O greater than a one surface restoration

O a one surface restoration which penetrates more than 1 mm into dentin (as viewed

8



by bitewing radiographs)

O any cervical restoration

O greater than 1 mm of interproximal overlap on the periapical radiograph

O presence of a crown or bridge

O incomplete image of the tooth.

O radiographs of poor quality (eg. underexposed, overexposed, poorly developed or

fixed, elongated or foreshortened)

3. Sample size and description of cohort.

A total of 74 patients and 108 different teeth were included in the analysis. The

mean age of the subjects at the time of the initial radiograph was 48.6 years (SD = 7.7)

and the mean age for the final radiograph was 66.0 years (SD = 10.3). Thus each patient

was followed for a mean of approximately 18 years. Each tooth had an average of 4.3

follow-up radiographs. All subjects, at each visit, had notations made in their charts for

periodontal disease, cervical wear, and occlusal wear. Thirty-five subjects had a medical

history indicating the absence or presence of heart disease. The remaining 39 subjects

were excluded from the statistical analysis involving heart disease because they lacked

such documentation. Similarly, 46 subjects had a record of either smoking or

nonsmoking.

B. RADIOGRAPH ANALYSIS

Each periapical radiograph was examined for inclusion and exclusion criteria. For

subjects meeting the inclusion and exlusion criteria, the date of birth of the subject and

the date of the radiograph were recorded.

Radiographs were scanned in a Hewlett Packard Photosmart"S20 Scanner



(Model #C5101A, Serial Number SG8801.102H, Palo Alto, California) at high resolution

(2400 dpi) as a color slide and saved as a JPEG image. The radiographs were then

cropped, rotated so that the long axis of the tooth was parallel to the vertical, and the

image was changed to grey scale on Adobe Photoshop" 3.0 (San Jose, California).

Images were then saved as a TIFF image and renamed to a random number unknown to

the investigator.

An IDLTM (interactive data language) (RSI, Boulder, Colorado) based image

analysis tool was used to modify the image to enhance visualization of the root canal

space. Images were inverted and a 7 kernel median filtration analysis was applied to the

image. The grey scale was altered to further enhance visualization of the canal space.

A grid dividing the length of the root into 4 equal quarters was placed from the

CEJ to the apex of the tooth (see fig. 2). Three ratios were created from measurements

made at the following sites:

• CEJ ratio: width of the root canal space to the width of the root at the CEJ

increment.

• 1/4 ratio: width of the root canal space to the width of the root at the '4

increment.

• Height ratio: height of the root canal space (measured from the CEJ to the

most apical portion of the root canal space) to the height of the root (measured

from the CEJ to the most apical portion of the root). If the root canal space

was not visible at the CEJ, the height of the root canal space was determined

by the most occlusal portion of the root canal space and measured to the most

apical portion of the root canal space.

10



At the 1/2 increment and the 3/4 increment down the root surface the root canal

space was scored as being present (YES) or not present (NO). (fig. 1)

CTOWID

root canal space

CEJ (cemento
CEJ increment | enamel junction)

1/4 increment

1/2 increment

3/4 increment
-

l

Figure 2. Schematic of tooth and areas of measurement.

C. INTRAOPERATOR ERROR

Five images were selected at random and measurements made on 5 different days.

On each day, the radiographs were assigned a new random number unknown to the

investigator and analyzed according to the procedures listed above. Intraoperator error

was determined by calculating a coefficient of variability with the following equation:

coefficient of variability = (mean square (residual)” x 100%
mean of all data

11



D. ROTATION AND VERTICAL ANGULATION STUDY

The effects of rotation of the x-ray tube, both in a horizontal and vertical plane, on

the apparent dimensions of the root canal space was investigated. An extracted

mandibular first bicuspid was embedded in a block of acrylic. A radiograph (short cone

technique, 10 mA and 10 kVP, E-speed Kodak film) was taken with the tooth upright and

perpendicular to the radiographic film. The acrylic block was then rotated at 5 degree

increments clockwise up to +40 degrees with the center of rotation of the block matching

the long axis of the tooth. This was repeated with the acrylic block rotated in a

counterclockwise direction up to −40 degrees. Images were then scanned and analyzed as
. º

reported above. Similarly, to determine the effects of foreshortening or elongation of the

apparent canal dimensions, the acrylic block was placed with the long axis of the tooth in

a horizontal plane and radiographs x-rays were taken in 5 degree increments from —20 to

+20 degrees. The measurement at zero degrees was used to calculate a percentage

difference of each angulation from zero degrees. The percentage difference was plotted

against angulation and then a simple or polynomial regression was applied to achieve an

equation for a best-fit line or curve.

E. EPIDEMIOLOGIC ANALYSIS

Records were examined to determine if any relationship existed between root

canal closure and periodontal status, occlusal wear, cervical wear, smoking history, and

heart disease. To gauge the latter, the following criteria and scales were used:

• Periodontal status.

1 — bone loss between the CEJ and 1/4 increment.

2 — bone loss between the 1/4 increment and the 1/2 increment.

12



3 — bone loss between the 1/2 increment and the 3/4 increment.

4 – bone loss between the 3/4 increment and the apex of the tooth.

• Occlusal wear.

0 – wear within enamel evident radiographically

1 — wear within dentin evident radiographically

• Cervical wear.

0 – absent radiographically

1 – present radiographically

• Smoking

!:0 – no history of smoking

1 — history of smoking

• Heart Disease

0 – no history of heart disease

1 — history of heart disease

F. STATISTICAL ANALYSIS

A random effects model was used with the patient as a random effect and to

account for right and left teeth within the same patient. Cervical wear, occlusal wear,

periodontal disease, heart disease, and smoking were added as fixed factors into the

model. A type I error at 5% (p<0.05) was determined as significant.

To determine inter-subject variation in rates of closure, a Shapiro-Wilk test was

used to see if the rates of closure of the sample were normally distributed. This would

allow us to assess whether some patients exhibited an accelerated rate of closure versus

others who may show only minimal closure. A type I error at 5% (p < 0.05) was

13



determined as significant

To determine if there was a constant rate of closure within each subject, the rates

of closure were subdivided into two groups: 1) rates of individuals who were less than 50

years of age and 2) rates of individuals who were 50 years of age and greater. The two

age groups were added as fixed factors into the random effects model. A type I error at

5% (p < 0.05) was determined as significant

VI. RESULTS

A. POTENTIAL SOURCES OF ERROR IN MEASUREMENTS

1. Intraoperator error

The mean and standard deviation are listed below for the CEJ ratio, 1/4 ratio, and

height ratio are shown in Table 1.

CEJ Ratio 1/4 Ratio Height Ratio
radiograph #| Mean SD Mean SD Mean SD

156 0.126 0.006 0.155| 0.012 0.512 0.070

199| 0.115|| 0.006 0.124 0.012 0.467 0.017

252 0.158 0.022 0.162| 0.012| 0.868 0.016

519 0.000 0.000 0.179 0.013 0.763 0.019

663| 0.104 0.008 0.084 0.007 0.829 0.026

Table 1. Means for the CEJ ratio, 1/4 ratio, and height ratio

The CEJ ratio shows the largest intraoperator coefficient of variation at 11%,

followed by 8% for the 1/4 ratio, and 5% for the height ratio. The large variation in the

CEJ ratio may have been due to cervical burnout, obscuring the root and canal width at

the cervix. Moreover, measurement errors at the CEJ and 1/4 increment may be

magnified due to the small dimensions of canal width. The height ratio shows the lowest

coefficient of variation likely because of the greater overall dimensions of the canal

14



height and root length. The expected change in root canal space closure must be greater

than these amounts to overcome variability due to intraoperator error.

2. Potential errors resulting from angulation (rotation) of the radiograph on the

horizontal axis.

Figure 3 illustrates the effect of horizontal angulation on canal measurements.

The degree of horizontal angulation is listed below each radiograph. It is evident,

particularly in the CEJ and 1/4 ratios that the canal space appears significantly wider at

angles differing from zero. On the other hand, there appears to be minimal changes in

canal or root height. These visual observations are supported by the measurements

below.

15



- - -

-30 degrees 0 degrees -30 degrees

Figure 3. The effect of horizontal x-ray angle on apparent canal dimensions.

a. CEJ increment

As the angle of the x-ray changes from perpendicular, an increase in the CEJ ratio

is evident. (Actual measurements appear in the Appendix.) A regression plot (fig. 4)

shows a binomial relationship between the angle of the x-ray tube and the CEJ ratio and is

significant at p < 0.0001. This indicates that as the amount of rotation of the x-ray tube

deviates from zero, the width of the canal increases. We surmise that the canal space is

more oval in shape and the root is more circular, thus producing an effectively wider

canal with a similar root width when visualized on radiographs at different angulations.

Assuming that the long-cone technique is employed when taking the radiographs, a 10°

16



variability of tube position can be expected. At +10° of rotational angulation change, the

largest magnitude of the percentage difference for the CEJ ratio is 16%.

-50 -40 -30 -20 -10 0 10 20 30 40 50

Angulation
Y=.13 + .001 X + .001 X*; R* = .885

Figure 4. Regression plot of percent difference of the CEJ ratio and angulation.

b. 1/4 increment

A linear relationship between the 1/4 ratio and angulation is apparent at p < 0.01

(fig. 5), although an outlier at +10 degrees could be skewing the data towards a linear

rather than a binomial relationship. We had expected the 1/4 ratio would show a binomial

relationship, similar to that seen for the CEJ ratio (fig. 4). However, it is possible that the

particular tooth used in this study may have had a non-oval shape at the 1/4 increment.

At +10° of rotational angulation change, the largest magnitude of percentage difference is

10% for the 1/4 increment.
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Figure 5. Regression plot of percent difference of the 1/4 ratio and angulation.

c. 1/2 and 3/4 increments

The canal space at the 1/2 and 3/4 increments was not measured. Rather, scoring

was limited to noting whether the space was visible or not on the radiograph. In the

sample tooth used in the angulation study, the space was present in all of the different

angulations in both 1/2 and 3/4 increment.

d. Height Ratio

No significant correlation was found between different rotational angulations and

the height ratio. At +10 degrees rotational angulation, the largest magnitude of change in

height ratio is 2%. This indicates that rotational angulation has little effect on the height

18



ratio.

3. Potential errors resulting from angulation (foreshortening and elongation) of the

radiograph on the vertical axis.

It is difficult to discern any visual differences in canal space width or root width at

the CEJ and 1/4 increments at the different vertical angulations (fig. 6). On the other

hand, differences in crown height, root height, or canal space height are apparent upon

careful inspection. At –20 degrees the tooth appears shorter than at zero or +20 degrees.

However, because the measurements of interest are calculated as a ratio, the elongation or

foreshortening of the canal space is similar to that of the root height.
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–20 degrees 0 degrees 20 degrees

Figure 6. Illustration of the effects of vertical angulation on canal dimensions.

a. CEJ and 1/4 increments

No significant associations are evident between a change in vertical angulation

and the CEJ and 1/4 ratios. However, changes as large as a 10% and an 18% dimunition

of the ratios are evident for the CEJ and 1/4 ratio respectively. (See the Appendix for the

data.)

b. 1/2 and 3/4 increments

The canal was scored as being visible or absent at the 1/2 and 3/4 increment of the

canal. The canal was present in all of the different angulations at both the 1/2 and 3/4

increment.
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c. Height ratio

The regression plot of percentage difference in height ratio and vertical angulation

is shown in figure 7. A significant positive correlation is evident with a p < 0.05 (R =

0.795), indicating foreshortening and elongation of the x-ray. However, the variation in

percentage difference for the entire change in +20 degree of vertical angulation is less

than 6%.

-

* O
-

T

–25 –20

T

-15 -10 -5 0 5 10 15 20

Vertical angulation
Y=-014 + .002 X; R* = 633

25

Figure 7. Regression plot of percent difference of height ratio and vertical
angulation.

B. EXPERIMENTAL FINDINGS
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1. Canal occlusion in the left and right first bicuspids.

The random effects model shows no significant difference in canal calcification at

any measurement site in teeth located on opposite sides of the mouth. The p-values for

each specific site are shown in Table 2. Given the agreement in values between opposite

sides, the data from right and left sides were combined in further analyses.

Site p-value
CEJ increment 0.7255

1/4 increment | 0.3716

1/2 increment | 0.3038

3/4 increment | 0.2133

Height ratio 0.1956

Table 2. P-values for right and left side differences for each site.

2. Age and canal occlusion.

a. CEJ increment

The reduction in width of the canal observed at the CEJ increment (CEJ ratio) is

significantly associated with age at p < 0.0001. The mean CEJ ratio per tooth at baseline

was 0.148 (SD = 0.052) and at the end of the study period was 0.095 (SD = 0.069). The

CEJ ratio decreased at a mean rate of -0.00275 per year, with a lower and upper 95%

confidence interval of -0.00319 and –0.00232 respectively. The mean root width was

5.55 mm, a value calculated as the average root width at the CEJ increment at all time

points. Since the mean change per year of the CEJ ratio represents a ratio between the

mean closure per year of the root canal space and the mean root width (assuming the root

width was constant with age), then the mean rate of closure per year of the canal space

could be calculated. This gave a value of 0.015 mm/year. Complete closure of the canal

at the CEJ was evident as early as 44–45 years of age in some subjects. A scattergram

22



of the CEJ ratio and age is shown in figure 8.

:

30 40 50 60 70

age

Figure 8. Scattergram of the CEJ ratio and age.

b. 1/4 increment

The change in ratio at the 1/4 increment is significantly associated with age at p <

0.0001. (fig. 9) The mean 1/4 ratio per tooth at baseline was 0.158 (SD = 0.041) and at

the finish of the study period was 0.0129 (SD = 0.048). The 1/4 ratio diminished at a
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mean rate of -0.00154 per year with a lower and upper 95% confidence interval of -

0.00187 and -0.001.22 respectively. The mean root width at the 1/4 increment was 4.75

mm, when calculated from measurements made at the increment for all time points. Since

the mean change per year of the 1/4 ratio represents a ratio between the mean closure per

year of the root canal space and the mean root width (assuming the root width was

constant with age), then the mean rate of closure per year of the canal space could be

calculated. It was 0.009 mm/year. Complete occlusion of the canal space at the 1/4

increment was evident as early as 57 years of age in some subjects.
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mean rate of -0.00154 per year with a lower and upper 95% confidence interval of -

0.00187 and -0.00122 respectively. The mean root width at the 1/4 increment was 4.75

mm, when calculated from measurements made at the increment for all time points. Since

the mean change per year of the 1/4 ratio represents a ratio between the mean closure per

year of the root canal space and the mean root width (assuming the root width was

constant with age), then the mean rate of closure per year of the canal space could be

calculated. It was 0.009 mm/year. Complete occlusion of the canal space at the 1/4

increment was evident as early as 57 years of age in some subjects.
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Figure 9. Scattergram of the 1/4 ratio and age.

c. 1/2 increment

The likelihood that the root canal space would be occluded at a position one-half

the way down the root (1/2 increment) increased significantly with age at p = 0.0006.

Eighty-seven teeth started with a visible canal and 16 of these teeth showed canal closure

during the period of follow-up. A box plot of the 1/2 increment is shown in figure 10.

Each box plot is composed of 5 horizontal lines. Starting from the most inferior line

moving to the most superior line, the horizontal lines represent the 10*, 25*, 50”, 75%,
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and 90" percentiles respectively. All values for the variable below the 10" percentile or

above the 90" percentile are plotted individually so outliers can be displayed. The

median age of subjects with an occluded root canal space is greater than the median age

of subjects with open canal spaces, indicating a greater likelihood of root canal space

closure with increasing age. Indeed, the data indicate that by approximately age 60, 50%

of the samples show canal occlusion at the 1/2 increment.

80

70

30
-T

Occluded canal Open canal

Figure 10. Box plot of 1/2 increment.
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d. 3/4 increment

The likelihood that the root canal space would be occluded at a position three

quarters down the root (3/4 increment) increased significantly with age at p = 0.0002.

Twenty-five teeth started with a visible canal and 15 of those teeth experienced canal

closure over the time period of the study. A box plot of the 3/4 increment is shown in

figure 11. The median age of subjects with an occluded root canal space is greater than

the median age of subjects with open canal spaces, indicating a greater propensity of root

canal space closure with increasing age.
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Figure 11. Box plot of 3/4 increment.
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e. Height ratio

The change in height ratio is significantly associated with age at p < 0.0001.

(fig.12) The mean height ratio per tooth at baseline was 0.618 (SD = 0.152) and at the

conclusion of the sampling period was 0.526 (SD = 0.188). The height ratio changed at a

mean rate of -0.0048 per year with a lower and upper 95% confidence interval of -

0.00613 and —0.00348 respectively. The mean root length for all teeth at all time points

was 16.86 mm. Since the mean change per year in the height ratio represents a ratio

between the mean closure per year of the height of the root canal space and since the

mean root height is assumed to remain constant, the mean rate of closure of the height of

the canal space can be calculated as 0.081 mm/year. The youngest subject to show

complete closure of the canal using height ratio was 63 years old.
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Figure 12. Scattergram of height ratio and age.
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A summary of the p-values for the relationship of canal space closure and age,

mean change per year in the ratio, and 95% confidence intervals for the CEJ, 1/4, and

height ratios and the p-value of the 1/2 and 3/4 increments is shown in Table 3.

Increment p-value IIlean lower conf upper conf

CEJ ratio <0.0001 -0.00275 -0.00319 -0.00232

1/4 ratio <0.0001 –0.00154 -0.00187 –0.001.22

1/2 Increment 0.0006

3/4 Increment 0.0002

height ratio <0.0001 -0.0048 –0.00613 -0.00348

Table 3. P-values, mean change per year in the ratio, and 95% confidence intervals
for each increment.

3. Histogram of rates of closure for the CEJ, 1/4, and height ratios.

The rate of closure of the root canal space was calculated for each subject at the

CEJ, 1/4, and height ratios. To determine the frequency distribution of the sample, the

rate of closure of each subject was plotted as a histogram. The x-axis represents rates of

closure, and the y-axis represents the number of individuals with the rate of closure

expressed on the x-axis. Upon visual inspection of the histograms, the distribution of the

CEJ, 1/4, and height ratios appear to be normally distributed (fig. 13-15). However, a

Shapiro-Wilk test shows that the distribution is skewed for all three ratios (p < 0.0001).

This suggests that a disproportionately large number of subjects have an accelerated rate

of closure to skew the distribution.
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Figure 13. Histogram of CEJ ratio for individual rates of closure.
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Figure 14. Histogram of 1/4 ratio for individual rates of closure.
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Figure 15. Histogram of the height ratio for individual rates of closure.

4. Constancy in the rate of closure with age.

To address the issue if the rate of closure is constant for each subject or if there is

an acceleration or deceleration in the rate of closure as each subject ages, the cohort was

divided into two age groups, those less than or equal to 50 years of age, and those greater

than 50 years of age. The two age groups were added as fixed factors in the random

effects model. The mean rate of closure at the CEJ increment for the two age groups and

the 95% confidence intervals are shown in table 4. The CEJ ratio showed a minimal rate

of closure for the younger age group, and a significantly greater rate of closure in the

older age group, which was significant at p = 0.011. The height ratio was marginally

significant (p = 0.055).
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<50 years >50 years
Mean 95% confintervals InCan 95% confintervals

-0.00094 |(-0.00267, +0.00078)|-0.00232*|_(-0.00041, -0.00530)

* p < 0.05

Table 4. Mean and 95% confidence intervals of the younger and older age groups
for the CEJ ratio.

5. Putative risk factors contributing to canal occlusion.

P values of correlations between cofactors and canal calcification, controlling for age, are

shown in table 5.

Cofactor CEJ incr 1/4 incr |height ratio || 1/2 incr 3/4 incr

Smoking 0.628 0.915 0.930 0.929 0.156

heart disease 0.014* 0.803 0.340 0.201 0.049*

occlusal wear 0.449 0.819 0.168 0.222 0.738

eriodontal disease 0.670 0.103 0.170 0.356 0.209

cervical erosion 0.403 0.354 0.114 0.083 0.645

* pº 0.05

Table 5. P-values of correlations between local and systemic factors and canal
calcification

Note that of the cofactors considered, a significant relationship was evident (p <

0.05) only between heart disease and canal occlusion at the CEJ ratio and the 3/4

increment. A significant negative relationship of RCC and heart disease at the CEJ

increment is depicted in the scattergram below (fig.16). In other words, the presence of a

history of heart disease tended to be associated with a decrease in root canal width at the

CEJ increment, while controlling for age.
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Figure 16. Scattergram of age and CEJ ratio and age split by a history of heart
disease.

On the other hand, a reverse association was seen with the heart disease and root

canal closure at the 3/4 increment. Figure 17 shows a bar plot of the percentage of

subjects with an open or occluded canal for those with a history or no history of heart

disease. The subjects with a history of heart disease had a lower percentage of occluded

canal spaces and a higher percentage of open canal spaces compared to subjects without a

history of heart disease. In other words, subjects with heart disease were more likely to

show an open canal space at the 3/4 increment, while controlling for age.
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Figure 17. Bar plot of the percentage of subjects with an open or occluded canal for
those with a history and no history of heart disease.

As noted in table 5 (above), no other correlations were evident between canal closure and

periodontal disease, occlusal wear, cervical erosion, and smoking.
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VII. DISCUSSION

The present study was undertaken to determine the longitudinal progression of

canal calcification (secondary dentin formation) in a cohort of men and to determine if

local or systemic events are associated perhaps causally with canal calcification.

A. CHANGES IN ROOT CANAL SPACE OCCLUSION WITH AGE.

Our findings corroborate the results of earlier investigators indicating that, on

average, there is a significant closure of the root canal space with age." 14-17. 43 Our

data also indicate, in keeping with previous results, that the canal calcifies in a coronal

apical direction and mesial-distal direction with age. Since all teeth in the present study

were healthy at baseline, the increase in root canal calcification can be mainly attributed

to progressive, physiological secondary dentin formation.

The height ratio decreases at the greatest rate per year (-0.0048) followed by the

CEJ ratio (-0.0028) and 1/4 ratio (-0.0015). This pattern is similar to findings by

Solheim!0 and Lantelme et al+0 who noticed greater calcification in the more coronal

regions of the root canal space. It also appears that the root canal space may calcify

occlusal-apically faster than mesial-distally. This order of events mimics the progression

of pulpal disease, which also occurs occlusal-apically and probably results from the

terminal circulation found in the dental pulp.” Furthermore, this occlusal-apical

direction of occlusion would account for findings observed in several radiographs, where

the width of the root canal space was still relatively wide just below the CEJ.

Because of the difficulty in making accurate measurements at the 1/2 and 3/4

increments, scoring was limited to noting whether the canal was open (present) or closed

(absent). A significant association between root canal space closure and age was found at
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both increments (p<0.001). However, for reasons outlined below, scoring at the 1/2 and

3/4 increments sometimes led to the anomalous finding that the canal might appear closed

even while the pulp space was still patent more coronally. This observation does not

agree with histologic” and clinical findings, and reflects radiographic superimposition of

structures, marked changes in canal morphology (such as splitting of canals),46 or errors

in interpretation. In fact, the canal cannot be totally occluded in these instances as this

would constrict the blood vessels entering and exiting the foramen and cause necrosis of

the pulp tissue. To the contrary, the canal continues to calcify at the higher levels,

indicating vital odontoblasts and adequate blood flow to and from the pulp. In previous

work, Kuyketal also reported that canal spaces that appeared occluded on radiographs

were, in fact, open on histological analysis.4%

Another important finding in the present study was the identification of a small

proportion of subjects who showed an accelerated rate of occlusion. This is the first time

that individual variability in the rate of closure has been documented. At this stage, we

can only speculate on the factors that might contribute to an accelerated rate of occlusion.

Perhaps these subjects were physiologically older than their chronological age, had a

genetic predisposition to canal occlusion, or had a systemic disorder that accelerated

secondary dentin formation.

Our findings support previous work which indicates that there may be an

acceleration in the rate of canal space calcification with age.15, 17 When assessed at the

CEJ increment, there was a slow, but statistically insignificant rate of closure in

individuals age 50 years or younger. After age 50, a statistically significant accelerated

rate of occlusion for these same subjects was readily documented. A change in growth
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rates in children usually reflects changes in hormone levels, trauma, or other growth

control processes.47, 4° Similarly, a change in the rate of canal closure may also reflect a

change in hormone levels or body chemistry in the older age groups.

B. ASSOCIATIONS BETWEEN CANAL SPACE OCCLUSION AND LOCAL

AND SYSTEMIC FACTORS.

No significant associations were observed between canal occlusion and

periodontal disease, occlusal wear, cervical wear, and smoking. Only heart disease at the

CEJ and 3/4 increments was found to be significantly associated with occlusion, albeit

with reciprocal findings. Specifically, canal occlusion was negatively associated with

heart disease at the CEJ ratio (p = 0.01) and positively associated at the 3/4 increment (p

< 0.05). It is difficult to account for these contrary results. Morse et al previously

reported that a negative relationship existed between calcific-related diseases (eg.

atherosclerosis and hypertension) and root canal space closure.15 Moreover, it has been

reported that even in healthy individuals, important vascular changes in the pulp occur

with age. These include a decreased vascularity, a reduction in the number of blood

vessels entering the pulp, a reduced or absent vascular plexus in the subodontoblastic

area, thickening of the arterial intima, and calcification of the adventia,23, 49. It is

possible that cardiovascular disease could accelerate these changes. Since both clinical

and histological evidence suggest a negative association with heart disease and root canal

space closure, perhaps the positive association between the 3/4 increment and heart

disease was a chance but erroneous finding. Given a type I error of p < 0.05 and

comparisons at 5 different sites with 5 different variables, one of the 25 comparisons

could be in error.
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C. VALIDATION STUDIES.

Intraoperator error shows the highest coefficient of variability: 11% in the CEJ

ratio, followed by 8% in the 1/4 ratio, and 5% in the height ratio. Using the mean of each

ratio at the beginning of the study and the mean change per year of each ratio, we

determined that a six, eight, and six year interval, respectively is required to overcome

variability due to intraoperator error. The larger variability in the CEJ ratio may be due to

cervical burnout, which obscures the root and root canal space at the cervix of the tooth.

Although radiographs were taken at approximately 3 year intervals, we believe our large

sample size and the length of follow up for each patient was great enough to overcome

variability due to intraoperator error.

Because the radiographs used in this study were not taken using standardized

methods, they were subject to substantial variation. To help minimize this problem,

radiographs of poor quality and extremes in angulation were removed. We also

determined the effects of angulation change, horizontal and vertical, on canal dimensions.

Our data show that a + 10 degree variation in horizontal x-ray angle could yield

up to a 16% change in the CEJ ratio, a 10% change in the 1/4 ratio, and a 2% change in

the height ratio. On this basis, approximately a 9 year change in the CEJ ratio, a 10 year

change for the 1/4 ratio, and a 3 year change for the height ratio would be required to

overcome + 10 degrees of variation in variation. The high variability in the CEJ and 1/4

ratios are due in part, to the different shape of the root and root canal space. The root

canal space has a more “ribbon” configuration, whereas the shape of the root is more

round. Thus, horizontal displacement in x-ray angle would tend to project an apparently

wider canal space but leave the root dimension unchanged.
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Our data also show that a + 10 degree variation in vertical angulation can produce

significant error. Within this range a 10% change was noted in the CEJ, 18% in the 1/4

ratio, and 6% in the height ratio. Using the mean of each ratio at the beginning of the

study and the mean change per year of each ratio, approximately a 5 year change in the

CEJ ratio, an 18 year change for the 1/4 ratio, and a 8 year change for the height ratio are

required to overcome these errors. As seen in figure 6, the anatomy of the root canal

space in this particular tooth widened at approximately the level of the 1/4 increment.

When dividing the root into four increments, a slight change in root length would change

the location of the 1/4 increment, perhaps to a region where the canal widened. Thus, a

small change in measurement site could produce a substantial variation in the ratio.

Although angulation appeared to have an effect on apparent root canal dimensions

and possibly in the location of the measurement sites, we believe our large sample size

and the length of follow up for each patient was great enough to overcome this technical

problem.

D. COMPARISONS TO OTHERSTUDIES.

To our knowledge this is the first longitudinal study of root canal occlusion in

which the subjects were examined, systematically, over a long period of time.

Longitudinal studies allow stronger conclusions to be drawn and permit comparisons to

be made amongst individuals.

Computer enhancement and digitization of the radiographs was used in gathering

data, a technique not previously employed. Computer enhancement of the image allows

better visualization of the canal space and aids in making accurate measurements.

However, difficulties still persist in determining the boundaries of the canal space.
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Calcification of the canal is a gradual process, thus a clear demarcation of the canal space

may not always be apparent.

Ratios of canal width to root width and canal height to root height were used,'9

instead of absolute measurements!3, 16 in an attempt to minimize differences between

large and small teeth, and to account for possible differences in magnification of the

images taken at different times. The use of ratios minimized untoward effects of vertical

angulation changes in incisal-apical measurements. To determine the rate of root canal

space closure using ratios, the width and height of the root must be stable with age. Root

length appears to be very stable.]7 However, root width has been shown to increase with

age due to cementum apposition particularly in the apical third of the root.” In our

study, the apical half of the root canal was scored as being present or absent, thus

eliminating the effects of cementum deposition at these increments.

The VA cohort was entirely male and the great majority of subjects were of

Caucasian descent. This did not allow evaluation of any gender or racial differences as

reported by other authors.16, 17 The mean age at the start of the sample was 48.6 years

of age. Thus, we were unable to evaluate changes with the root canal space in young

individuals.

Radiographs are a two-dimensional representation of a three-dimensional object.

Thus, no conclusions can be made regarding narrowing of the canal in a buccal-lingual

direction, because this plane is not evident on the periapical radiographs. However,

several histologic studies have shown closure in a buccal-lingual direction.”-13
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E. CLINICAL APPLICATIONS.

The clinical ramifications of secondary dentin deposition are not fully known.

Several studies have investigated periapical changes occurring after pulpal

obliteration.25, 28, 29, 31 They found a range from 0%25 to 13%31 of teeth with

obliterated canals with periapical pathoses. In addition, clinicians are apparently unsure

as to whether secondary dentin formation leading to root canal space obliteration is a sign

of pulpal pathosis. In a survey in 1991, the respondents were split 50-50 on whether

pulpal calcifications were a sign of pulpal pathosis.” Our study shows that root canal

space closure is a normal function of age, because only healthy teeth were selected for our

analysis.

An increase in root canal space closure could cause a decrease in sensitivity of a

tooth. This loss of sensitivity would be compounded with other natural changes with age,

such as a decrease in number of nerve plexuses in the elderly.” This loss of innervation

and by implication, tooth sensitivity, could delay patients from seeking much needed

dental treatment due to a lack of symptoms. In addition, a lack of sensitivity could also

make the diagnosis of possible pulpal pathoses difficult. On a positive note, a decrease in

sensitivity could minimize the need for local anesthetic in restorative procedures in

elderly patients.

The finding that root canal space closure may be related to cardiovascular disease

may prove useful as a screening tool to identify patients at risk of cardiovascular disease.

However, this relationship needs to be investigated further before any solid conclusions

can be made.
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VIII. CONCLUSIONS

The results of our longitudinal sample confirm that age is a critical factor in

determining the extent of root canal space calcification. There appears to be a significant

association between root canal space closure and cardiovascular disease, which clearly

requires further controlled investigations. Smoking or other local factors are apparently

unrelated to root canal space occlusion.
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X. APPENDIX

A. INTRAOPERATOR ERROR MEASUREMENTS

day x-ray celcanal ceiroot | ceratio|1/4canal||114root | 114ratio º º canalht | rootht | htratio

1 156 0.703 5,581 || 0.126 0.785 4.548 0.173 O O 10.916 || 17.405 || 0,627

2 156 0.790 || 5.829 || 0.135 | 0.744 || 4,589 || 0.162 O 0 10.048 || 19.017 || 0.528

3 156 0.703 || 5,664 0.124 || 0.661 4.589 || 0.144 O O 8.849 | 18.273 || 0.484

4 156 0.703 || 5,622 || 0.125 0.663 4.589 || 0.144 O O 8.351 | 18.149 || 0.460

5 156 0.663 || 5.623 || 0.118 || 0.703 || 4.672 || 0.150 O 0 8.517 | 18.438 0.462

1 199 0.621 || 5.539 || 0.112 || 0.620 || 4.810 || 0.129 O 0 7.508 || 15.670 0.479

2 199 0.692 || 5.539 || 0.125 0.656 || 4.774 || 0.137 0 0 7.691 15.780 || 0.487

3 199 0.621 || 5.576 || 0.111 || 0.511 || 4.847 0.106 O 0 7.289 || 15.889 || 0.459

4 199 0.620 || 5.576 || 0.111 || 0.583 || 4.774 || 0.122 O O 7.436 | 15.925 || 0.467

5 199 0.657 || 5.576 || 0.118 || 0.620 4.847 || 0.128 0 0 7,033 15.816 || 0.445

1 252 0.994 || 5,711 || 0.174 0.787 5.297 || 0.149 1 1 14,526 | 16.429 || 0.884

2 252 1,076 || 5.752 0.187 0.828 5.297 0.156 1 1 14.732 || 17.008 || 0.866

3 252 0.870 5.918 0.147 || 0.953 5,462 || 0.174 1 1 14,608 || 17.132 0.853

4 252 0.787 || 5.876 || 0.134 || 0.952 || 5.462 || 0.174 1 1 14.195 || 16.677 0.851

5 252 0.870 5.876 || 0.148 || 0.869 || 5,504 || 0.158 1 1 15.229 17.215 0.885

1 519 0.000 || 5.459 || 0.000 || 0.943 || 5.162 0.183 1 1 12.774 | 16.775 0.761

2 519 0.000 || 5.608 || 0.000 0.993 || 5.211 || 0.190 1 1 12.873 | 16.825 || 0.765

3 519 0.000 || 5,608 || 0.000 || 0.893 || 5.261 || 0.170 1 1 12.767 17,073 || 0.748

4 519 0.000 || 5.658 0.000 || 0.993 || 5.211 || 0.190 1 1 12.907 || 17.271 || 0.747

5 519 0.000 || 5,559 0.000 || 0.844 5.261 0.160 1 1 13.457 | 16.974 0.793

1 663 0.628 5.657 0.111 || 0.377 5.028 0.075 1 1 16.268 | 18.687 0.871

2 663 0.587 5,615 0.104 || 0.461 5.112 || 0.090 1 1 15.463 | 18.729 || 0.826

3 663 0.545 5.824 || 0.094 || 0.419 || 5.112 || 0.082 1 1 15.168 || 18.980 0.799

4 663 0.545 || 5,615 0.097 || 0.419 || 5.112 || 0.082 1 1 15,504 || 18.645 || 0.831

5 663 0.634 || 5,656 || 0.112 || 0.461 || 4.986 || 0.092 1 1 15.419 || 18.855 0.818

Table 6. Intraoperator error measurements. (day = day of measurement, x-ray = x
ray number, cejcanal = width of canal at cej, cejroot = width of root at cej, cejratio = cej
ratio, 1/4 canal = width of canal at 1/4 increment, 1/4root = width of root at 1/4
increment, 1/4ratio = 1/4 ratio, 1/2 (Y/N) = 1/2 increment, 3/4 (Y/N) = 3/4 increment,
canalht = height of canal, rootht = height of root, htratio = height ratio, 0 = NO, 1 = YES,
all measurements are in mm)
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B. HORIZONTAL ANGULATION (ROTATION) MEASUREMENTS

Angle Icelcanal ceiroot | ceratio || 1/4canal 1/4root | 114ratio 1/2 (YIN)|3/4 (YIN) canalht | rootht_|_htratio
O 0.822 5,550 0.148 || 0.976 || 4,676 0.209 1 1 13.208 || 16.187 || 0.816

-5 0.848 5,586 0.152 1,047 4.789 0.219 12.919 || 16.061 || 0.804

-10 0.973 5.642 0.172 1,119 4.961 0.225 13.134 || 16.343 || 0.804

-15 1,174 5.820 0.202 1.174 5.233 0.224 13.207 || 16.628 0.794

-20 1.285 5.980 0.215 1.236 5.387 || 0.229 13.097 || 16.409 || 0.798

–25 1,523 6.188 0.246 1.228 5.599 0.219 13.507 | 16.502 || 0.818

–30 1.578 6.461 0.244 1.381 5,771 0.239 13.071 | 16.769 || 0.779

-35 1.822 6.693 0.272 1.329 5.955 0.223 13.441 | 16.340 0.823

–40 2.065 6.949 0.297 1.511 6.193 0.244 13.344 | 16.315 0.818

5 0.822 5.498 0.150 0.976 4.676 0.209 12.335 | 15.879 0.777

10 0.890 5,634 0.158 0.890 || 4.745 0.188 12.554 || 15.914 || 0.789

15 1,187 5.881 0.202 1.038 4.992 0.208 12.652 15.914 || 0.795

20 1.352 6,055 0.223 1.101 5.305 || 0.208 12.769 || 16.064 0.795

25 1.720 | 6.188 0.278 1,228 5,403 || 0.227 12.475 | 15.618 || 0.799

30 1,611 6.496 0.248 1,259 5,690 0.221 12,689 | 16.113 || 0.787

35 1.875 | 6.789 || 0.276 1.216 || 5.928 0.205 12.770 15.706 || 0.813

40 2.210 || 6.886 0.321 1.285 6.064 0.212 11.975 15,622 0.767

Table 7. Horizontal angulation (rotation) measurements. (Angle = horizontal
angulatin of x-ray tube, cejcanal = width of canal at CEJ, cejroot = width of root at CEJ,
cejratio = CEJ ratio, 1/4 canal = width of canal at 1/4 increment, 1/4root = width of root
at 1/4 increment, 1/4ratio = 1/4 ratio, 1/2 (Y/N) = 1/2 increment, 3/4 (Y/N) = 3/4
increment, canalht = height of canal, rootht = height of root, htratio = height ratio, 0 =
NO, 1 = YES, all measurements are in mm)
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C. VERTICAL ANGULATION MEASUREMENTS

vertangle celcanal ceiroot | ceratio |114canal| 114root | 114ratio |1/2 (YIN)|3/4 (YIN) canalht | rootht | htratio

O 0.830 5.554 0.150 1.090 4.671 0.233 1 1 12.872 | 15,986 0.805

–5 0.745 5.538 0.135 0.907 4,633 0.196 1 1 12.779 || 16.134 || 0.792

-10 0.777 5.439 0.143 0.934 4.558 0.205 1 1 12,070 | 15.903 || 0.759

-15 0.809 5.562 0.145 1,062 4,601 0.231 1 1 12.388 || 15,724 || 0.788

–20 0.730 5.472 0.133 1.042 4.482 0.233 1 1 11.465 | 15.008 || 0.764

5 0.829 5.595 0.148 0.986 4,714 0.209 1 1 12.898 || 16.006 || 0.806

10 0.823 5.710 || 0.144 || 0.921 4.839 0.190 1 1 12.730 | 16.211 || 0.785

15 0.741 5,585 0.133 0.890 || 4.794 || 0.186 1 1 12.850 | 15.519 || 0.828

20 0.831 5.722 0.145 1.027 4.940 0.208 1 1 12.667 15.503 || 0.817

Table 8. Vertical angulation measurements. (vertangle = vertical angulatin of x-ray
tube, cejcanal = width of canal at CEJ, cejroot = width of root at CEJ, cejratio = CEJ
ratio, 1/4 canal = width of canal at 1/4 increment, 1/4 root = width of root at 1/4
increment, 1/4ratio = 1/4 ratio, 1/2 (Y/N) = 1/2 increment, 3/4 (Y/N) = 3/4 increment,
canalht = height of canal, rootht = height of root, htratio = height ratio, 0 = NO, 1 = YES,
all measurements are in mm)
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