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Abstract

Purpose—To evaluate, both at initial glaucoma diagnosis and during treatment, the role of
demographic and clinical factors on intraocular pressure (IOP).

Design—Cohort study of patients enrolled in a randomized clinical trial.

Participants—607 patients with newly diagnosed, open-angle glaucoma (OAG) were enrolled at
14 U.S. centers.

Methods—After randomization to initial surgery or medications, patients were followed at six-
month intervals. |IOP was measured by Goldmann applanation tonometry. Predictive factors for IOP
at baseline and during follow-up were analyzed using linear mixed models.

Main Outcome Measure—IOP at baseline and during follow-up.

Results—The mean baseline IOP was 27.5 mmHg (standard deviation, 5.6 mmHg). Predictive
factors for higher baseline I0P included younger age (0.7 mmHg per 10 years), male sex (2.4 mmHg
higher than females), pseudoexfoliative glaucoma (5.4 mmHg higher than primary OAG), and
pupillary defect (2.2 mmHg higher than those without a defect). During nine years of follow-up, both
surgery and medications dramatically reduced IOP from baseline levels, but the extent of IOP
reduction was consistently greater in the surgery group. Over follow-up years 2-9, mean 10P was
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15.0 vs. 17.2 mmHg for surgery vs. medicine, respectively. Predictive associations with higher 1OP
during follow-up included higher baseline IOP (P<0.0001), worse baseline visual field (mean
deviation; P<0.0001), and lower level of education (P=0.0019). Treatment effect was modified by
smoking status: non-smokers treated surgically had lower IOP than smokers treated surgically (14.6
vs. 16.7 mmHg, respectively; P=0.0013). Clinical center effects were significant (P<0.0001) in both
the baseline and follow-up models.

Conclusions—In this large cohort of newly diagnosed glaucoma patients, predictors of pre-
treatment IOP and IOP measurements over nine years of follow-up were identified. Our findings
lend credence to the postulate that sociodemographic, economic, compliance, or other environmental
influences play a role in I0OP control during treatment.

Introduction

Controlling intraocular pressure (IOP) has been the primary focus of glaucoma treatment.
Recent clinical trials have added sound evidence, consistent with findings from observational
studies, that reducing IOP has therapeutic and preventive efficacy.1=3 Studies of factors that
influence IOP have been conducted in large populations consisting mostly of people without
glaucoma. Increasing age has been associated with increasing IOP in most studies,*10
although decreasing 10P with increasing age has been reported in two studies of Asian
populations.11:12 Schulzer and Drance found that adjustment for systolic blood pressure
accounted for any age effect.13 Consistent associations with increasing 0P have been reported

for increasing systolic blood pressure,®7:8:10,12,16,17 garker iris color,%14:18 and myopia.5:
14,18

Once glaucoma is diagnosed and treatment is initiated, the influence on 10P attributable to
demographic, systemic, and ocular factors might be overwhelmed by the impact of glaucoma
treatment. Our purpose in conducting these analyses was to evaluate, both at the time of initial
glaucoma diagnosis and while under prolonged 10P-reducing treatment, the role of all of these
factors on IOP.

Patients and Methods

This investigation is based on the 607 patients enrolled in the Collaborative Initial Glaucoma
Treatment Study (CIGTS). These newly diagnosed, previously un-treated, phakic, open-angle
glaucoma (OAG) patients were enrolled at 14 clinical centers, where Investigational Review
Board approval was obtained for the study. The study adhered to the tenets of the Declaration
of Helsinki. Upon obtaining written, informed consent, eligible patients were randomized to
initial medication (n=307) or initial trabeculectomy (n=300) in the period from October 1993
to April 1997. Because patients presented with either one or both eyes eligible for treatment,
before randomization occurred the treating ophthalmologist selected a study eye to receive
initial treatment. Baseline data included demographic and clinical variables. Follow-up data
were collected through December 2004, when patients had been followed for a median of 7.7
years. At six-month intervals, patients returned to their CIGTS Clinical Center for a
comprehensive ophthalmologic examination that included measurement of IOP by Goldmann
applanation tonometry. Details of the study’s design and conduct have been previously
reported.1®

The protocol for measuring 0P followed recommended guidelines.2? An operator and a reader
were involved. The operator performed the Goldmann tonometry measurement at the slit lamp
according to a specified protocol, and the reader recorded the tonometer dial reading. Two IOP
measurements were recorded, and unless they varied by more than 2 mmHg, the average

became the final IOP value for data entry. A third measurement was taken if the first two varied
by more than 2 mmHg, and the median of the three was then used as the 10P value of record.
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At the two baseline visits wherein eligibility was assessed, three IOP values were obtained as
described above, separated by at least one hour. Thereby, six baseline IOP values (three per
visit) were obtained, and one value was obtained at each follow-up visit. Tonometers were
calibrated monthly. All staff involved in IOP measurement were certified during site visits.

IOP summary measures (mean, standard deviation, and range) were described for the first and
second baseline visits, and comparisons were made with the paired Student’s t-test.
Independent Student’s t-tests were used to compare mean IOP between the medical and surgical
treatment groups at specific times. Linear mixed models were used to evaluate factors
predictive of IOP both at baseline and over follow-up. The baseline model was also used to
assess trends in the three IOP measurements taken within each of the two baseline eligibility
visits. Both baseline and longitudinal models included a random subject intercept; the
longitudinal model also included a random subject slope over time and a Toeplitz covariance
structure for the repeated measures. All interactions with treatment and time were tested.
Treatment assignment was “as randomized” in the initial longitudinal analyses, and “as
treated” (including changes during follow-up) in a subsequent analysis. All but three patients
received initial treatment as randomized; two patients randomized to surgery received initial
medicine, and one patient randomized to surgery (excluded from “as treated” model) received
initial ALT. SAS® 9.1 software (Cary, NC) was used for all analyses.

Enrolled patients (n=607) had newly diagnosed OAG, and had an average age at baseline of
57.5 years. 55% were male and 38% were blacks. Further details on CIGTS participants are
provided in Musch et al.1?

Table 1 presents the mean baseline 10OP values for study eyes of the 607 patients. A slight but
statistically significant (P=0.02) decline in mean IOP was found from the first (27.6 mmHg)
to second (27.3 mmHg) baseline visit. Within each visit, a more substantial decline in IOP was
observed across the three intra-visit IOP measurements taken, with the third measurement on
average being 2.1 mmHg (15t visit) and 1.3 mmHg (2" visit) lower than the first measurement
(P<0.001). Interestingly, the mean values for the third IOP measurement at each baseline visit
were equivalent (26.6 mmHg). Measures of variation also differed significantly between the
two baseline visits, with greater variation in IOP measurements taken within the first versus
within the second visit for both the pooled standard deviation and the range (P<0.001).

The distributions of ranges (maximum minus minimum) of the six baseline IOP measurements
by four categories of the mean IOP are presented using box plots (Figure 1). As the mean IOP
increases from <25 mmHg to 35 mmHg or greater, the range of the six IOP values increases.
For example, in patients with a baseline mean I0P <25 mmHg, one-half had a range of >5
mmHg between their largest and smallest values, whereas in patients with a baseline mean 10P
>35 mmHg, one-half had a range of >10 mmHg.

Factors that were influential in predicting baseline 10P are presented in Table 2. These factors
included age, sex, diagnosis, pupillary response, and center. On average, baseline 0P
decreased 0.7 mmHg with each ten year age increment (P=0.001), and females had lower
baseline 10Ps than males (2.3 mmHg lower, P<0.0001). The 29 patients enrolled with a
diagnosis of pseudoexfoliative OAG had significantly higher baseline 10Ps (5.4 mmHg higher;
P<0.0001) than those diagnosed with primary OAG (n=550); pigmentary OAG patients (n=28)
did not differ in baseline 10P from primary OAG patients (P=0.96). Those with a baseline
pupillary defect (afferent, n=68; other, n=2) had a 2.2 mmHg higher 10P than those with a
normal pupil response (P=0.0018). Baseline 10P also varied significantly across centers more
than would be expected by chance alone (P=0.0002). Using the mean baseline 10P from all
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patients as a reference, two centers had mean 10Ps that were significantly lower (by 2.0 mmHg)
and two centers were significantly higher (by 1.9 and 1.6 mmHg) than the overall mean. IOP
at baseline did not differ for blacks vs. whites and others (mean I0OP of 27.5 mmHg in both
groups). Many other factors were evaluated and found to have no significant association with
baseline IOP, including education, income, systemic disease (hypertension, diabetes), smoking
history, alcohol use, family history of glaucoma, iris color, refractive error, mean deviation
(from visual field testing), and corneal thickness.

In the first nine years of follow-up after treatment initiation, during which 19 protocol-required
follow-up visits were possible, there were an average of 14.1 visits in the medicine group and
13.4 visits in the surgery group. There was no indication of differential dropout between the
two treatment groups over time. For example, at five years post treatment initiation, IOP data
were available on 247 (80.5%) of the 307 medically-treated patients and on 232 (77.3%) of
the 300 surgically-treated patients (P=0.35). Figure 2 shows the pattern of IOP change from
baseline through Year 9 by treatment group. Both surgical and medical treatment produced
dramatic drops in mean IOP from baseline to Month 3, but the decrease was greater in the
surgery group. After this initial drop, the medical treatment group showed slightly declining
average IOP and the surgery group slightly increasing IOP to Year 2. From Year 2 on, both
groups’ average IOPs remained quite stable, with the surgery group’s mean IOP consistently
less than the medicine group’s IOP. Descriptive and comparative statistics on mean 1OP at
selected follow-up intervals, and summary statistics on mean, maximum, and SD measures for
the Year 2 to 9 interval (the period of stable IOP) are shown in Table 3. Highly significant
differences between treatment groups are evident for the IOP means in Years 2 through 9 (17.2
mmHg for initial surgery, 15.0 mmHg for initial medicine, P<0.0001), and in the average of
the maximum IOP measured in that interval (21.6 mmHg for initial surgery, 18.8 mmHg for
initial medicine, P<0.0001). Smaller difference, though, is observed in variation around these
means, with mean standard deviation (SD) values of 2.6 and 2.4 mmHg (medicine and surgery,
respectively; P=0.0516).

To characterize factors assessed at baseline that influenced IOP during long-term treatment in
the CIGTS, we focused on IOP measurements taken during the two to nine year period after
treatment initiation, thereby avoiding the first two years after treatment when treatment
influences dominated and post-treatment occurrences, like cataract extraction, were frequent.
Strong independent predictors of I0P (all P-values <0.0001) included a treatment effect that
was modified by smoking status, baseline I0P, baseline perimetric mean deviation, and center.
Other significantly predictive factors included education (p=0.0024), follow-up time
(P=0.0070), and hypertension (P=0.0186). Table 4 shows the model estimates. The effect of
treatment on IOP interacted significantly with the effect of current smoking. While both non-
smokers and smokers treated surgically had lower I0OPs over time than medically treated
patients [on average, 2.6 mmHg lower for non-smokers (P<0.0001) and 0.8 mmHg lower for
smokers (P=0.12)], the extent to which IOP was lower differed significantly by smoking status
(P=0.0008). Higher baseline IOPs on average yielded higher follow-up 10Ps. The opposite
was true for baseline perimetric mean deviation, for which more negative (or worse) baseline
perimetric mean deviation was associated with lower I0P during follow-up. Average 10Ps
during follow-up differed among the 14 centers, resulting in a significant center effect on IOP.
The effect of follow-up time on 10P in the model was best characterized by a quadratic function,
since on average I0OP decreased slightly from year 2 to midway (at about year 5) through the
interval and increased slightly thereafter. Education was a significant predictor of IOP during
treatment. Mean IOP during follow-up was lower for those with more education, such that
among the seven categories of educational attainment, for example, a person who completed
college had on average a 0.5 mmHg lower IOP than a person whose formal education ended
upon completing high school. Finally, participants who reported being diagnosed with
hypertension at baseline had significantly higher IOP (0.5 mmHg higher) during follow-up.
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Many other factors were evaluated and found to have no significant association with IOP during
treatment, including age, sex, race, income, glaucoma diagnosis, diabetes, alcohol use, family
history of glaucoma, iris color, and baseline measures of pupillary response and refractive
error.

To assess I0P levels with changes in treatment during follow-up (e.g., ALT after initial
medicine or initial surgery), we fit a mixed model with the same covariates listed in Table 4,
but with time-varying covariates for treatment and treatment by smoking interaction. Other
than treatment, all of the other covariates had effects similar to those shown in Table 4. Figure
3 displays the predicted IOP at 5 years, separately for current smokers and non-smokers, for
patients in each step of the CIGTS treatment protocol (medicine—ALT—trabeculectomy or
trabeculectomy—ALT—medicine). The most striking effect shown in Figure 3 is the impact
of initial surgery on the IOP of non-smokers relative to smokers, which is consistent with the
“as-randomized” analysis (Table 4). Regardless of smoking status, treatment crossover (e.g.,
medicine—trabeculectomy or trabeculectomy —medicine) resulted in the same or lower
predicted IOP at 5 years as the initial treatment.

Discussion

During the two eligibility examinations, our evaluation of IOP in 607 subjects newly diagnosed
with glaucoma revealed some expected results. Repeated measurements of 10P taken with an
applanation tonometer resulted in a significant lessening of I0P, even with the protocol
requiring at least a one-hour separation of the three measurements taken within each visit. The
IOP-reducing effect of repeated applanation has been reported,21=23 although most studies of
this effect involved repeated measurements over several minutes rather than the several hour
interval in this study. We did not control for diurnal variation in IOP, which has been reported
to result in a mean range of 5.8 mmHg in patients with open-angle glaucoma.2* Although our
three 1OP measurements taken at each baseline visit were from a 2 to 3 hour period of time,
the time of day of these visits may have contributed to variation between visits..

A number of factors were associated with the mean 10P obtained in these newly diagnosed
glaucoma patients prior to the onset of treatment. Older age was associated with lower 10P in
our patients, which differs from that found in many population studies. Females in CIGTS
presented with significantly lower mean 10P than males. In population studies, the reported
effect of a person’s sex on 10P has not been consistent.#:7+8:11,12,17 The small number of
patients with pseudoexfoliative OAG (n=29) presented with substantially higher IOP than
those with primary or pigmentary forms of OAG. Mitchell et al. noted that the presence of
pseudoexfoliation in non-glaucoma participants of the Blue Mountains Eye Study was
significantly associated with higher 10P.17 A defect in pupillary response at baseline, almost
all of which were afferent defects, was associated with a higher baseline IOP. Since an afferent
pupillary defect (APD) in a glaucoma patient is typically due to optic nerve damage, this finding
ismost likely indicative of more severe glaucoma damage in the eye with an APD. A significant
center effect remained after adjustment for demographic and clinical factors. Unmeasured
factors, such as sociodemographic variables, may be operative in producing significant IOP
differences among the 14 centers.

Our investigation of glaucoma patients under treatment, either by medications or by
trabeculectomy surgery, found a definite impact of the treatment approach on IOP. Initial
surgery reduced IOP more than initial medications, so that on average over the 2 to 9 year
follow-up interval, surgically-treated patients had a 2.2 mmHg lower IOP than medically-
treated patients. While the impact of this treatment difference in IOP reduction on controlling
visual field loss was not evident in interim analyses involving shorter follow-up,?® its longer
term influence will be the subject of a separate manuscript. The pattern of mean IOP over the
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2 to 9 year period was quite stable in both treatment groups. While subjects who were older or
had more substantial initial visual field loss may have been more likely to dropout, there was
no evidence of differential dropout between initial treatment groups over time.

Our findings of other factors associated with IOP show intriguing correlates with and
differences from findings in non-glaucoma subjects. Demographic variables such as age, sex,
and race were not predictive of IOP in patients being treated over time. However, four patient-
level factors — education, smoking, center, and hypertension — and two eye-level factors —
baseline IOP and perimetric mean deviation — were significantly associated with mean 10P
over follow-up. The association of IOP with smoking status in the surgery group is perhaps
the most intriguing association, since smoking is a behavior that can be changed. The effect of
smoking on IOP must be viewed in the presence of an interaction with treatment. While both
smokers and non-smokers treated surgically had lower IOP over time than patients treated
medically, smokers treated surgically had much higher mean IOP over time than non-smokers
treated surgically. Smoking had no effect on the mean IOPs of medically treated patients.
Several studies have reported that smoking was associated with higher I0P,8:17:18 byt this
would affect both those treated medically and surgically. The literature does not address if
smoking affects trabeculectomy outcomes adversely. Even so, this finding provides another
reason to advise glaucoma patients, particularly those needing surgery, to cease smoking.

A patient’s education level was inversely related to mean 10P over time. Patients who were
more highly educated had lower mean 1OP, which is similar to that reported by Yip et al.10
The distribution of educational levels within the two treatment groups showed no significant
differences, so this effect is not due to confounding between treatment and education. We
hypothesize that the association of education with IOP during treatment was influenced by
unmeasured factors like compliance, socioeconomic factors, or dietary influences on IOP.

These effects may also be operative in producing the significant center effect on mean 10P
over time. All centers treated patients according to a standard protocol with certified personnel
using regularly calibrated tonometers, and so one would not expect one center to differ from
another in aggressiveness of applying IOP reducing therapy, differing measurement technique,
or instrument variation. Even so, some centers may have been more aggressive in their
application of the treatment protocol. Surgeon skill may have varied as well. There is some
supportive evidence for consistency of differences among the centers, as five centers (A, D,
G, H, & N) with relatively high average 10P during follow-up also had higher average 10P at
baseline.

The positive association we found between reported hypertension and IOP during follow-up
is consistent with findings from many studies of a positive association between systolic blood
pressure and 10P.5:7,8:10,15

Higher baseline 0P was directly related to higher IOP under treatment, with no significant
interaction between baseline IOP and initial treatment. This would be an expected finding if
one assumes that IOP reduction from a higher baseline level usually results in a higher IOP
under treatment than those who began with a lower IOP level. However, it may be
counterintuitive to the view that when a surgical opening is made in an eye via trabeculectomy,
IOP should decrease to a similar level among operated eyes. The effect of higher baseline IOP
on subsequent IOP was common to both treatment groups, which does not validate the common
reduction view of surgical treatment.

The finding that patients who had more visual field loss at baseline (as measured by the
perimetric mean deviation) had lower mean 10P while under treatment is difficult to explain.
It may be that patients with more visual field loss at baseline were treated more aggressively
within the protocol guidelines, or were more compliant in medication use. However, this
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finding was observed not only in medically treated patients, but also in surgically treated
patients. Within the medically-treated patients, no differences were seen in number of
glaucoma medications used over time between patients with greater (—10 dB or worse) versus
patients with lesser (—2 dB or better) perimetric mean deviation at baseline (results not shown).

The associations found with baseline I0OP — age, sex, center, diagnosis, and pupillary defect —
are unique in the sense that they were uncovered in a large group of patients with newly-
diagnosed OAG. This uniqueness limits our ability to make head-to-head comparisons with
IOP associations reported from large population or community studies of healthy subjects.
Likewise, the IOP associations found while these patients were under treatment are unique in
that even after controlling for treatment effects, factors like a patient’s smoking status,
education, and center of origin impact on mean IOP level. The long-term influence of smoking
on a surgical patient’s IOP gives added support to advising glaucoma patients to quit smoking
for not only their systemic but also their ocular health. The fact that person-level factors like
education and center impact as well implies that sociodemographic, economic, compliance, or
other environmental influences play a role in IOP control during treatment.
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Figure 1.

Box plots of the range (maximum minus minimum) of the six baseline intraocular pressure
(10P) measures by increasing groups of baseline 10P values. [Note: The box extends from the
25t to the 75™ percentiles; the bar across the box and the “+” sign indicate the median and
mean, respectively. The whiskers extend to the nearest observation within 1.5 times the inter-
quartile range, and the square symbols beyond the whiskers represent outlying observations.]
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Figure 2.
Intraocular pressure (IOP) mean values across time for the two treatment groups. Error bars
indicate 95% confidence intervals.
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Figure 3.

Predicted intraocular pressure (IOP) values at five years, by smoking status, for each step of
the treatment sequence (medicine—ALT—trabeculectomy or trabeculectomy—ALT—
medicine) in an “as treated” analysis. Error bars indicate 95% confidence intervals, and the
number at the base of each bar is the sample size.
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Baseline variability in repeated intraocular pressure (IOP) measurements

Table 1

Mean (standard deviation) of IOP

(in mmHg)
Baseline IOP Baseline Visit #1 | Baseline Visit #2 P-Value*
Mean of 3 measurements 27.6 (5.9) 27.3(5.8) 0.0192
1% measure 28.7 (6.5) 27.9(6.1) <0.0001
2" measure 27.6 (6.2) 27.4 (6.1) 0.3721
3 measure 26.6 (6.1) 26.6 (5.9) 0.9127
Range of 3 measurements 43(2.9) 3.8(2.5) 0.0005
Standard deviation of 3 2.3(1.5) 2.0(1.3) 0.0004
measurements

*
P-values from paired t-tests
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Mixed model of predictive factors for baseline intraocular pressure (I0OP)

Table 2

Variables” Estimate (SE) | P-Value
Age (10 year increments) —0.67 (0.20) | 0.0010
Sex (female vs. male) —2.35(0.44) | <0.0001
Glaucoma diagnosis (vs. Primary open
angle glaucoma, n=550)

Pigmentary (n=28) +0.05 (1.05) | 0.9591

Pseudoexfoliative (n=29) +5.40 (1.03) | <0.0001
Pupillary response (defect vs. normal) | +2.24 (0.72) | 0.0018
Center (vs. overall mean effect) 0.0002

Lower than mean 10P:

Center B —2.07 (1.25)

Center E ~2.03(0.69)"

Center M -2.03 (0.86)"

Center C —0.86 (1.18)

Center J —0.73 (0.80)

Center F —0.47 (0.68)

Center L —0.39 (1.49)

Higher than mean IOP:

Center K +0.17 (0.71)

Center N +0.90 (0.80)

Center G +0.96 (0.68)

Center | +1.25 (0.69)

Center A +165 (0.66)"

Center D +1.77 (0.82)

Center H +1.88 (0.73)T

Page 13

*
All variables listed were entered into a single, multivariable model. Day, order, and day x order interaction (P<0.002) were also included in the model.
See Table 1 for day and order effects.

TSignificantIy different from the overall mean baseline IOP
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Table 3
Descriptive statistics [mean and standard deviation (SD)] for intraocular pressure (IOP) over time, by treatment group

# of Patients Mean (SD) I0P (mmHg)

Time (Medicine/Surgery) | Medicine surgery | p-value®
Baseline 307/300 27.6(5.5) | 27.4(5.6) | 0.6979
2-year 281/268 17.7(4.0) | 15.1(5.3) | <0.0001
3-year 269/253 17.3(35) | 15.0(5.1) | <0.0001
5-year 247/232 17.1(38) | 15.0(4.9) | <0.0001
7-year 186/160 17.1(37) | 145(4.6) | <0.0001
9-year 56/49 16.7(3.9) | 14.4(5.0) | 00122
Summary measures™

Mean of years 2-9 293/285 17.2(2.7) 15.0 (4.1) | <0.0001
Maximum of years 2-9 293/285 21.6 (4.7) 18.8(5.4) | <0.0001
SD of years 2-9 290/274 2.6 (1.3) 2.4(1.4) | 0.0516

*
P-values are based on 2-sample t-tests (for unequal variances) at each point, without correction for multiple testing

Summary measures (mean, maximum, and SD) were calculated within each subject prior to summarizing by treatment group
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Mixed model of predictive factors for mean intraocular pressure (IOP) from Year 2 to 9

Table 4

Variable Estimates P-value
(standard error)

Treatment (vs. medicine)

= Surgery/current smoker —0.77 (0.49) 0.1211

= Surgery/non-smoker —2.56 (0.27) <0.0001

Baseline IOP (mmHg) +0.18 (0.02) <0.0001

Baseline perimetric mean deviation (dB) | +0.25 (0.02) <0.0001

Education (7 categories) —0.24 (0.08) 0.0024

Hypertension +0.49 (0.21) 0.0186

Time on treatment (years) -0.34 (0.12) 0.0070

[Time on treatment]? +003(001)  |0.0225

Center (vs. mean effect) <0.0001

Lower than mean 10P:

Center | ~1.65 (0.33)

Center K ~1.40 (0.66)"

Center F -1.29 (0.59)*

Center J —-0.52 (0.36)

Center L —0.46 (0.32)

Center E —0.06 (0.31)

Higher than mean IOP:

Center B +0.06 (0.32)

Center C +0.11 (0.34)

Center M +0.33 (0.44)

Center A +0.56 (0.31)

Center D +0.68 (0.38)

Center H +0.77 (0.34)*

Center N +0.84 (0.54)

Center G +2.04 (0.40)*

*
Significantly different from the overall mean IOP
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