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TONOMETRY

The Goldmann applanation tonometer has become a standard of reference in clinical tonometry (Fig. 6.1). The principle of applanation tonometry is old. It is based on the physical relationship that applies to the flat end of a piston at rest: The pressure against the piston is calculated from the force applied to the piston divided by the area of the face of the piston. This principle has been used in the Russian Maklakov applanation tonometer since the nineteenth century, but it was never applied with great precision until the advent of the Goldmann applanation tonometer. In the Goldmann instrument, the force is measured with a sensitive spring or counterpoise balance, and the area is precisely established by an accurate split-field de​vice.

Simple as the principle of applanation tonometry may appear to be, seeming only to require measurements of the applied force and of the resulting flattened area of cornea for determination of the pressure, in actual development of a practical and accurate instrument, a number of additional complicating factors had to be considered. These factors include the effect of capillary attraction between the face of the applanation tonometer and the cornea, the stiffness of the cornea itself, the translation of the force and area on the outer surface of the cornea to intraocular pressure at the inner surface of the cornea, the influence of varying corneal curvatures, the influence of corneal astigmatism, the influence of varying amounts of fluid on the cornea, and the influence of varying scleral rigidity. The Goldmann applanation tonometer actually permits measurement of intraocular pressure with very little disturbance of this pressure and with insignificant error from variation of scle​ral rigidity. It also has a well-defined range of insensitivity to the other factors listed (1).

In the Goldmann applanation tonometer, the end-point diameter of applanation is fixed by the construction of the plastic prisms within the instrument to be suitable especially for the human eye. The diameter of applanation has been selected to give a balance between the capillary attractive force of the tear film and the opposing resistive force of the cornea, while producing essentially the same area of flattening of the endothelial suface of the cornea. For the human eye, the diameter of flattening employed is 3.06 mm. The same diameter is not suitable for use on animal eyes, presumably due to differences in structures of the corneas. For each species, Goldmann found that it is necessary to use a different specific diameter of flattening, usually larger than that which is best for the human eye.

A portable adaptation of the spring-type Goldmann ap​planation tonometer (Fig. 6.2), available as the Perkins applanation tonometer, is well suited to measurements on patients in either the seated or the supine position. The Perkins applanation tonometer is particularly useful in measuring the IOP in young children, permitting accurate measurement without having to position the child at a slit lamp, which can be both inconvenient and alarming to the child. The Perkins tonometer has made tonometry on awake children so much easier than formerly that the need for general anesthesia has been reduced; however, this to​nometer is also convenient and well suited for measure​ments on children in the supine position under general anesthesia.

The Perkins applanation tonometer allows the ac curate measurement of IOP in individuals in whom the Goldmann tonometer produces a falsely elevated IOP. The IOP can be measured more accurately with the Perkins than the Goldmann tonometer in persons who hold their breath during Goldmann tonometry, obese individu​als, extremely large breasted women, patients with tight collars, or patients with great anxiety at the slit lamp. By permitting applanation tonometry outside the confines of the slit lamp, the Perkins tonometer enables precise assess​ment of the IOP in a more relaxed setting for the patient.

For topical anesthesia for Goldmann applanation tonometry use is made of a drop of a preparation (Fluress, Pilkington Barnes Hind, Sunnyvale, CA) containing both a topical anesthetic (benoxinate) and 1/4% fluorescein, sta​bilized by polyvinylpyrrolidone, or of proparacaine 0.5% and a fluoresceinated paper strip. The resulting flourescent tear film is more suitable than a colorless film for observing and measuring flattening of the cornea by the applanation device. To enhance fluorescence, a blue light is used to illuminate the eye and its tear film. Looking with a slit-lamp microscope, one sees at the moment of contact of the tonometer with the eye a bright yellow-green spot that breaks into two bright yellow-green semicircular arcs as the tonometer is moved slightly farther forward. The arcs should then be seen in sharp focus. By suitable adjustment of a graduated drum, which varies the force applied to the cornea, the arcs can be made to overlap so that the inner edge of the upper can be aligned with the inner edge of the lower. This is the desired end point at which a reading is taken from the graduated drum. The numerical reading on the drum indicates grams of force applied by the tonometer and equivalent mm Hg intraocular pressure. Thus, number 1 on the drum is equal to 10 mm Hg and 2 is equal to 20 mm Hg.

The precision with which the inner edges of the overlap​ping upper and lower arcs can be lined up is limited be​cause of the ocular pulse, which causes the edges to keep swinging back and forth. The best that can be done is to adjust the alignment to a mean position in which there is equal swing to either side of the aligned position.

Measurement is made first on one eye and then the other, alternating back and forth, repeating measurements until reasonably constant values are obtained. This is im​portant because, particularly with apprehensive patients, the initial reading may be several mm Hg higher than the readings obtained when the patient has become relaxed and accustomed to the procedure. Usually, three measure​ments on each eye suffice, but if the last two measurements do not agree within 1 mm Hg, more measurements should be made. Presumably, when initial measurement is higher than the later steady-state measurement, the initial mea​surement is erroneous.

The significance of readings obtained with the Gold​mann applanation tonometer when the patient is relaxed may be generalized as follows: reliable and repeated mea​surements of 22 or more mm Hg pressure suggest that the eye is abnormal.

In practically all eyes that have a definite pressure of 22 mm Hg or higher, the tonographic PO/C ratio is 100 or higher, which indicates possible glaucoma. The higher the pressure, the more definite is the indication. How dan​gerous a given pressure may be to a given eye depends on how many additional factors, such as the nature of the optic nerve head, the height and duration of IOP elevation, and possibly the blood pressure, all of which are discussed elsewhere.

An IOP of 21 mm Hg by applanation should be re​garded as borderline. IOP from 18 to 20 mm Hg does not rule out glaucoma if these are single samplings at a single time of day. It is not uncommon for the intraocular pres​sure in eyes having definite glaucoma to vary during the course of 24 hours from the high teens to the high twenties, thirties, or even forties. Thus, a single measurement, be it ever so accurate at the moment, may give a completely misleading impression, if by chance it happens to be ob​tained at the low point of the daily fluctuation.

The Goldmann applanation tonometer can be modified for use on the eyes of infants with small palpebral fissures as well as on eyes of adult patients who have had penetrating keratoplasty and are suspected of developing glaucoma. The end of the cylindrical plastic cone of the tonometer can be reduced in diameter by turning down in a lathe, leaving just enough of the flat applanating surface to still give accurate pressure measurements (2,3).

The Schiotz tonometer continues to be a widely used instrument for estimation of intraocular pressure because it offers a reasonable combination of convenience and relia​bility. It is subject to more error than the Goldmann appla​nation tonometer, but the Schiotz tonometer has advan​tages in portability, availability, ease of use, and lower price.

In the customary manner of using the Schiotz tonome​ter, the patient is recumbent with gaze vertical and corneas anesthesized by a drop of topical anesthetic. The tonometer is allowed to rest on the patient's cornea, and the extent to which the weighted plunger of the tonometer indents the cornea is shown on a scale by a simple lever arm indica​tor. The lever arm system magnifies the motion of the plunger 20-fold so that a 0.05-mm movement of the plunger is represented by a 1 mm space between units on the tonometer scale. Thus the scale readings merely indi​cate the depth to which the plunger indents the eye. The softer the eye, the greater is the depth of the indentation. A reference point is provided by a convex test block resem​bling the cornea but made of steel, plastic, or glass, which does not indent. On a suitable test block of this sort the tonometer should give a reading of zero.

A conversion table or graph is required to convert from scale readings obtained when the Schiotz tonometer is rest​ing on the cornea to the corresponding mm Hg intraocular pressure (Fig. 6.3). The precision with which the scale reading can be ascertained from the tonometer is limited by oscillation of the indicator needle caused by the ocular pulse and by other physiologic moment-to-moment varia​tions in intraocular pressure. The accuracy with which in​traocular pressure can be estimated is further limited by variability of elastic properties of the eye and by variation in curvature of the cornea. In common clinical pratice, the mechanical Schiotz tonometer is read to the nearest quarter scale unit, but it is sometimes difficult to read to the near​est half scale unit. More precise readings, estimating to the nearest tenth of a scale unit, can be made with elec​tronic Schiotz tonometers, in which the scale of the instrument is expanded by the use of electronic amplification in place of the simple lever arm.

In interpreting the scale readings obtained when the Schiotz tonometer is applied to the patient's eye, it can be said that most normal eyes give readings from 5 to 8 units on the scale and that when readings of 4 or less units on the scale are obtained, the eye should be suspected of being glaucomatous and should be subjected to additional testing.

If the IOPs indicated by the Schiotz tonometer on any type of eye are near borderline between normal and glauco​matous, the IOP should also be measured with the Gold​mann applanation tonometer. In the myopic eye in particu​lar, the IOP should be checked by an applanation tonometer, even though it is apparently normal by Schiotz tonometer. There is little need to resort to the applanation tonometer in cases in which the Schiotz tonometer gives measurements well in the glaucoma range in eyes of ordi​nary size and shape. There is, however, an advantage to comparing the Schiotz and applanation tonometer to deter​mine whether the values indicated by the Schiotz tonome​ter are accurately applicable to a given eye or whether a correction factor is needed.

Patients with abnormal corneas may present difficulty in measurement of intraocular pressure. After penetrating keratoplasty, if irregular mires are observed, Goldmann applanation tonometry should be performed. It is often useful to rotate the applanation prism into more than one meridian to check the reliability of the measure​ment. If distorted mires are observed due to the presence of an abnormal cornea, the pneumotonometer (Fig. 6.4) or Mackay-Marg tonometer (Fig. 6.5) have proven useful in estimating intraocular pressure.

The pneumotonometer measures IOP by calculating the force required to flatten an area of cornea using an elastic membrane inflated with gas or air. The newer models use compressed air rather than fluorocarbon gas. This device is extremely useful and accurate, especially in the setting of an irregular corneal surface. Additionally, the pneumotonometer can be used against the sclera near the limbus, with IOP results nearly identical to those achieved by contact with the cornea. Pneumotonometry also produces a tracing of the IOP during measurement; this gives the examiner the ability to determine the quality of the examination. A good measurement will produce a flat tracing, with the presence of ocular pulsations evident. During the examination, there is a high-pitched, whining noise. Absence of the pulsations or of this sound indicates an error in measurement. The pneumotonometer hand​piece has two lines, one black and one red, on the metal rod which moves within the handpiece and to which the elastic membrane is attached.

The Tono-Pen can be used for intraocular pressure measurement both as a screening tool and in eyes with irregular surfaces (Fig. 6.6) (4-6). This tonometer, how​ever, may overestimate the intraocular pressure in eyes with low intraocular pressure, and underestimate the intraocular pressure in eyes with high intraocular pressure (6-8). The Tono-Pen also has poor reproducibility of measurements (9).

Despite the problems with early models of the instru​ment, the Tono-Pen has improved over the years, and is in frequent use, especially by non-glaucoma specialists. The Tono-Pen's ease of use, and the fact that it can measure IOP even in the presence of corneal irregularity, have ena​bled technicians and other support personnel to aid in the evaluation of patients by recording IOP taken with this device. Additionally, its portability allows the use of the Tono-Pen in examination of IOP in remote locations and in screenings. Nevertheless, the Goldmann tonometer re​mains the "gold standard," and if available, is preferred to the Tono-Pen in the measurement of IOP.

Non-contact, air-puff tonometers have been used for screening of intraocular pressures, especially in optometry (Fig. 6.7). No anesthesia is required for measurement with this device. Unfortunately, reproducibility of measure​ments is poor (9). Additionally, a microaerosolized mist of tear film is created on use of air-puff tonometers, intro​ducing the risk of dispersion of infectious material, partic​ularly viral particles (10).

The estimation of IOP by palpation of the globe is noto​riously inaccurate. This technique can be relied on only to determine whether the eye is hard or soft and can be de​pended on to distinguish an IOP greater than 30 mm Hg (11).

The following section deals with TONOGRAPHY, a technique by which the actual facility of aqueous outflow is measured in living patients. While it is the only clinical measure of trabecular meshwork function available to ophthalmologists, it is exceed​ingly difficult to perform and interpret, and requires the resources of a skilled technician to perform the test and a trained ophthalmologist to interpret it. Additionally, results can be variable, as well as tech​nician dependent. For these reasons, tonography is relegated to the status of "research tool." We con​tinue to find this a valuable clinical resource, but recognize the difficulty involved in bringing this technology to the community.

Tonography

Tonography, in ophthalmology, means recording IOP during several minutes while the eye is subjected to the weight of the Schiotz tonometer, the purpose being to determine how rapidly the pressure drops under this load, and from this to calculate the facility of aqueous outflow (12,13).

Clinically, the principal reason for resorting to tonogra​phy is that tonometry alone may not give enough informa​tion about the eye unless it is repeated several times in the course of 24 hours; the intraocular pressure may be found normal by tonometry during some portions of the day even though the facility of aqueous outflow is all the while much less than normal. In eyes with subnormal facil​ity of aqueous outflow, significant elevation of intraocular pressure may be detectable by ordinary tonometry only if by chance the tonometry is performed at a time when the pressure happens to be elevated. Although in most cases, frequent careful tonometry can make it unnecessary for one to resort to tonography, tonography is in some ways more convenient and in certain cases can provide valuable warn​ing of the danger of pressure rise before such a rise is actually detectable by regular tonometry. For example, one might expect that the patient with compromised outflow will experience wider swings in intraocular pressure related to variations in aqueous production than the patient with normal outflow facility. This aids the clinician in the as​sessment of patients, especially those with borderline intra​ocular pressures in the 24 to 29 mm Hg range, as these patients are likely to experience greater intraocular pres​sures throughout the day. The clinician sees only a snap​shot of the intraocular pressure in time; tonography per​mits extrapolation to the intraocular pressures the patient may experience when not in the office.

Another situation in which tonography can provide a warning of potential rise of IOP before it is detectable by regular tonometry is after operation or after intraocular inflammation, which may be followed by days, weeks, or months of low IOP. If in these conditions the facility of aqueous outflow remains subnormal, eventually the IOP is likely to rise to glaucomatous levels. Tonography can provide warning of this possibilty.

In pure "primary" open-angle glaucoma, there is chronically subnormal facility of outflow, with the angle of the anterior chamber open at all times, whereas in pure angle-closure glaucoma the facility of outflow is impaired in direct proportion to the ex tent of closure of the angle and is entirely normal when the angle is open. Tonography in association with gonioscopy has been instrumental in establishing this fun​damental difference between open-angle and angle-closure glaucoma (14,15).

Tonography has been useful not only in evaluating physiologic, pathologic and surgical influences on the hy​drodynamics of the eye, but also has helped in analyzing the mode of action of drugs on the hydrodynamics of the eye. Tonographic measurements have, for instance, shown that drugs related to pilocarpine reduce intraocular pres​sure by enhancing facility of aqueous outflow, and have shown that drugs related to acetazolamide reduce IOP by reducing the rate of formation of aqueous humor.

The equipment needed for tonography consists of an electronic Schiotz (V. Mueller, Chicago, IL) tonometer and a recorder to make a record of the movement of the plunger of the tonometer. When an electronic Schiotz tonometer is not available, use can be made of a pneumotonometer; the procedure can then be called pneumotonography (16,17).

The technique of carrying out tonography on patients has been described in detail in the third edition of this book, but in the present edition is only briefly outlined.

With the patient comfortably recumbent, a drop of top​ical anesthetic is applied to each eye, and the tonometer is allowed to rest on the cornea as in ordinary tonometry. However, instead of the tonometer being applied only mo​mentarily, it is allowed to rest on the cornea of each eye for at least 4 minutes. During this time, the tonometer and recorder will show that the IOP has been gradually falling. The aim is to obtain a smooth tonographic curve with a superimposed ocular pulse. The tonographic curve may be interpreted as follows.

Before the Schiotz tonometer is applied, the eye is in a steady state, with steady IOP, steady rate of formation of aqueous, and steady outflow of aqueous, but when the tonometer is placed on the eye the IOP is immediately artificially raised, as a result of indentation of the cornea. Raising IOP raises the rate of outflow of aqueous, with little or no influence on formation of aqueous. As soon as aqueous outflow exceeds inflow, the IOP begins to fall, gradually approaching the pressure of the original steady state. In performance of tonography the recording shows the IOP immediately raised at the start, then gradually falling. The rate of fall depends on the facility of aqueous outflow and the height to which the IOP was initially raised above steady state. Data from the first 4 to 5 minutes of recording are used for calculation of the facility of aque​ous outflow (C).

For numerical evaluation of the data supplied by the tonographic curve, the initial tonometer scale reading pro​vides, by way of standard tables, knowledge of the IOP in the steady state before application of the tonometer, and IOP with the tonometer applied to the eye. (These param​eters are known as PO and PT (in mm Hg), respectively.) The volume of aqueous humor expressed from the eye in excess of steady state, or as a function of time, can be obtained from standard tables relating ocular pressure (in mm Hg) to volume (in microliters). A simple nomogram can be used to determine C from scale readings at the initial peak and at 4 minutes (Fig. 6.8). Essentially the same results can be obtained from tonographic curves more quickly and conveniently by computer (18-22). The C value is expressed in microliters per minute per millimeter Hg of intraocular pressure, based on calculations for eyes of supposedly average physical characteristics. We have established by comparison of results from a large number of tonograms that the C value, obtained by means of a nomogram from scale readings at the start and at 4 minutes from a smoothed curve carefully drawn through acceptable recordings, is in good agreement with the value obtainable by more laborious calculation from a great many points on the original recordings.

For clinical detection of glaucoma, the ratio of PO to C is considerably more useful than either PO or C individually. In the absence of all forms of treatment, both local and systemic, a PO/C ratio less than 100 is characteris​tic of normal eyes, while a PO/C ratio greater than 100 is characteristic of glaucomatous eyes.

For purposes other than diagnosis, such as for evaluating effectiveness and mechanism of action of medical and sur​gical treatment for glaucoma, individual variations of PO and C are interpreted according to the belief that steady-state intraocular pressure is governed by only three vari​ables: the net rate of flow of aqueous humor through the eye, the facility of aqueous outflow, and the back-pressure in the recipient veins. Since the recipient venous pressure seldom varies, except in unusual conditions, the steady-state intraocular pressure is considered to be governed prin​cipally by the other two variables, the net rate of aqueous flow and the facility of aqueous outflow. Thus, at levels of intraocular pressure above the normal recipient venous pressure of about 10 mm Hg, any lack of correlation be​tween measured variation in PO and C is blamed on varia​tion in rate of aqueous formation.

However, there has been increasing recognition that variation in uveosceral outflow needs also to be taken into consideration, particularly in studies of mechanism of ac​tion of drugs that influence intraocular pressure (23).

The possibility of error in evaluating PO and C because of abnormalities of the physical characteristics of individ​ual eyes is quite real when the conversion from Schiotz scale readings to PO and C values is based on data for average normal eyes. At present, the most sensitive and reliable means for detecting significant abnormalities in the elastic properties of individual eyes is based on compar​ison of the PO   value given by the Goldmann applanation tonometer and the PO value given by the Schiotz tonom​eter.

Table 6.1 contains typical data derived from tono​graphy measurements to illustrate how the basic param​eters of episcleral venous pressure (Pe), flow rate or rate of formation of aqueous humor (F), facility of outflow (C), and intraocular pressure relate to one another in various types of eyes (Table 6.1). Not included in this table are data for "pseudofacility," i.e., suppression of aqueous for​mation by intraocular pressure. Also not included are data for change in facility of outflow by intraocular pressure, and data for uveoscleral outflow. However, the data that are presented suffice to illustrate some general conceptual principles concerning the manner in which normal and glaucomatous eyes differ from each other clinically, in the behavior of their intraocular pressure.

In this table, the episcleral venous pressure (Pe) has been assumed to be constant at 9 mm Hg under all the illus​trated clinical circumstances. This is probably a valid ap​proximation according to most of what has been published on the subject, but there are conditions in which Pe is significantly different. These special conditions will be considered elsewhere. This table is intended to illustrate only the most common clinical conditions and concepts.

In the first section of this table, which exemplifies "nor​mal" parameters, a twofold change in the rate of aque​ous formation can be expected to cause a change in intraocular pressure of only 4 mm Hg, and a change in facility of outflow of 0.05 µl/min/mm Hg is expected to produce a change of intraocular pressure of only 1 mm Hg in a normal eye.

In the second section of the table, exemplifying "glau​coma," the noteworthy differences from the normal include the low facility of outflow and the elevated intraocular pressure, and in particular, the fact that a twofold change in the rate of aqueous formation can be expected to cause a change in intraocular pressure of 20 mm Hg instead of the 4 mm Hg change seen in the "normal" eye. Furthermore, in the "glaucoma" example, a change in facility of outflow of 0.05  µl/min/mm Hg is expected to produce a change in intraocular pressure of 15 mm Hg, in contrast to the 1 mm Hg change seen in the normal eye. The main concept to be derived from this comparison is that glaucomatous eyes have reason to exhibit greater variability of pressure than normal eyes in re​sponse to changes in aqueous formation and in facility of outflow. This helps explain to us why a glaucomatous eye (with open angles) can show spontaneous diurnal varia​tions of pressure considerably greater than normal and why various drugs that influence facility of outflow or aqueous formation tend to cause greater changes in pressure in glau​comatous than in normal eyes.

The data presented in the lower half of Table 6.1 exem​plify relationships between the extent of closure of the filtration angle (by synechia or by apposition of the iris to the trabecular meshwork) and the intraocular pressure, as influenced also by the underlying characteristics of a given eye when its angle is normally open. It will be noted that in the lower half of the table, we are concerned with a "good normal" eye and a "poor normal" eye. This distinc​tion is based on the fact that among normal human eyes there is a wide range of normal pressures (e.g., 10-20 mm Hg) and a range of normal values of facility of outflow (e.g., 0.15-0.60). Thus some eyes are naturally far from glaucomatous, for instance the "good normal" eye in the table with facility of outflow of 0.30  µl/min/mm Hg and intraocular pressure of 14 mm Hg. Other eyes are not so far from the end of the normal range where it begins to border on glaucomatous, for instance the "poor normal" eye with facility of outflow of 0.15 µl/min/mm Hg and intraocular pressure of 19 mm Hg.

The next conceptually and practically important point is to note the effects of obstructing aqueous outflow through the angle of the anterior chamber in either one-half or three-quarters of its circumference (such as by pe​ripheral anterior synechias or by appositional angle clo​sure). Obstruction of half the circumference reduces the facility of outflow by 50% and obstruction of three-quar​ters reduces facility of outflow by 75% The practical clini​cal consequence of this upon the intraocular pressure is different for the "good normal" eye with its angle com​pletely open than for the "poor normal" eye with its angle open. Closing or otherwise obstructing the filtration angle in half of the circumference raises the pressure in both eyes; only to 19 mm Hg (still within the normal range) in the "good normal" eye, but to 29 mm Hg in the "poor normal" eye. With closure of three-quarters of the angle, the differ​ence between the eyes in resultant elevation of intraocular pressure is still more drastic, 29 mm Hg compared with 49 mm Hg.

We conclude from these considerations, derived from our clinical tonographic and gonioscopic observations, that it is useful to take into account the original facility of outflow and intraocular pressure of a given eye when at​tempting to assess how much of a therapeutic problem a given extent of PAS may pose for that eye. This may have a decisive influence on the choice of operation, and will be considered further in Chapter 23, where it is pointed out that angle-closure glaucoma often develops in one eye before the other and that comparing tonographic and goni​oscopic data from the eye with closure of part of its angle compared with data from the contralateral eye with its open angle can be utilized to advantage in deciding on the type of treatment.

Diurnal Variations

In normal eyes, the intraocular pressure varies not more than 2 or 3 mm Hg throughout the day and night. Also, in some glaucomatous eyes, the pressure shows little variation and remains elevated at all times. However, more charac​teristically in glaucomatous eyes, the pressure varies up and down in a diurnal pattern that seems to be an exaggera​tion of the slight variation detectable in normal eyes. This variation can be studied best in eyes in which there is a constant obstruction to aqueous outflow, such as in glau​coma due to peripheral anterior synechias, to traumatic recession of the angle, to the innate changes in the aqueous outflow channels in well-established primary open-angle glaucoma, in open-angle glaucoma associated with exfolia​tion, or in pigmentary glaucoma. (One cannot identify the diurnal variation of pressure so well in intermittent angle-closure glaucoma because of additional and confusing variation attributable to opening and closing of the angle.)

From tonographic measurements in eyes having various forms of open-angle glaucoma uncomplicated by intraocu​lar inflammation, the facility of aqueous outflow is usually at almost the same subnormal value at both the high and low points in the diurnal curves of variation of intraocular pressure. The pressure in the aqueous veins has been re​ported to remain essentially constant. Therefore, we con​clude that the fluctuation of intraocular pressure is attrib​utable mainly to a varying rate of formation of aqueous humor.

Observations on patients having different severity of open-angle glaucoma in the two eyes or having one normal and one glaucomatous eye show that the spontaneous diur​nal variations of pressure usually run parallel in the two eyes but that in the eye having the greater obstruction to aqueous outflow, the variation in pressure characteristically exceeds the variation in the more nearly normal eye. There may be a striking difference in the two eyes in the ampli​tude of fluctuation, but usually not in the timing.

The range of diurnal variation of intraocular pressure for a given severity of glaucoma varies greatly from patient to patient and seems to be more closely related to some special characteristic of the individual patient than to the absolute degree of obstruction of aqueous outflow. One cannot predict with certainty from the fact that the tono​graphic facility of outflow is low that there will be signifi​cant diurnal fluctuation of IOP, but the likelihood of large fluctuation is slight in eyes with normal or near-normal facility of outflow.

These observations strongly suggest that the variation in the rate of aqueous formation that is manifest in both eyes simultaneously must result from some systemic con​trolling influence reaching both eyes simultaneously. One can be reasonably sure that this influence does not reach the eyes via the ocular nerves. Clinical observations on patients who have various defective innervations of the eye and experimental studies on animals involving either stimulation or interruption of nerves to the eye have not as yet provided evidence for neural influence on diurnal variation of aqueous formation or intraocular pressure of the magnitude that is observed clinically. The only other way in which systemic influences might reach the eye would be through variations in composition of the blood or through variations in circulating hormones. Hormonal control seems to us to be the most attractive probability.

When investigating the mechanism of diurnal variation of intraocular pressure, it is attractive to attempt to relate this to diurnal variations in other physiologic functions, such as kidney function, and this may ultimately prove fruitful. A peculiarity of the diurnal variation of intraocular pressure is that in most glaucomatous patients it results in rise of pressure to a maximum early in the morning before the patient gets out of bed, but in another considera​ble proportion of patients, the maximum occurs at a differ​ent time, such as late afternoon or evening. The reason for these differences is unknown. However, these individual differences may well prove to be a valuable feature when attempts are made to correlate this phenomenon with other systemic variables.

No investigator has provided a greater understanding of aqueous humor flow than Brubaker and his coworkers. Brubaker has demonstrated through fluorophotometry, a technique (24,25) that demonstrates aqueous humor pro​duction by diffusion of fluorescein into the anterior cham​ber and then dilution of that fluorescein concentration over time, that the rate of aqueous humor production is lowest during sleep and it increases dramatically just before waking (26). The cycle of aqueous production cor​responds to the diurnal variation in intraocular pressure. Further, Brubaker's most recent studies indicate that circu​lating catecholamines, specifically epinephrine, may be re​sponsible for the diurnal variation in aqueous production (26).

One feature of diurnal IOP variation that deserves par​ticular thought is that the fundamental problem seems to be not so much to explain the high phase of IOP as it is to explain the low phase of the IOP. When the IOP is high, it appears from tonographic measurements that aqueous humor is being formed at a normal rate and that when the IOP decreases spontaneously to a lower level, with facility of outflow still subnormal, this decrease of pressure is at​tributable to a decrease in aqueous formation to a subnor​mal rate. An explanation is needed for this decrease in aqueous formation. If we understood it, we might be able to exploit it therapeutically.

Practically, measurement of the intraocular pressure at intervals of 2 to 4 hours around the clock is a valuable procedure, not only in establishing the diagnosis of glau​coma, but in the management of cases of established open-angle glaucoma. If IOP is measured in the office at approxi​mately the same time at each visit, we may be measuring IOP at the time of the lowest level of diurnal variation and thus have a false sense of security, whereas if the IOP had been measured at a different time of day we might have found a considerably elevated IOP and then would have realized that things were not going as well as we had thought. With hospital costs so high, it is impractical in most cases to admit a patient to the hospital for IOP studies around the clock. Furthermore, the necessarily "artificial" inpatient environment seems in some patients to alter the magnitude of the diurnal variation. A possible alternative is to see the patient in the office at intervals from early morning until late in the afternoon for measurement of IOP. However, the amplitude of the IOP variation from day to day may not be constant, and it may be necessary to make repeated IOP measurements during three or more cycles to obtain a fair understanding of the degree and timing of the variation.

An even better way is to furnish the patient with a Schiotz, Tono-Pen or other home tonometer and teach a member of the family to measure the IOP at various times during the day and night. We have found this valuable in a number of instances, although this is not suitable for many patients.
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Figure 6.1. The Goldmann applanation tonometer, the "gold standard" instrument for the measurement of intraocular pressure.

Figure 6.2. The Perkins applanation tonometer is portable and allows accurate IOP measurement without the use of a slit lamp. It is useful in applanation on children and elderly patients. Occasionally, patients (particularly if they are obese) demonstrate breathholding and presumed increased venous pressure when IOP is measured with the slit lamp with false elevation of IOP; these elevations are not confirmed when the Perkins instrument is used.

Figure 6.3. The Schiotz tonometry calibration scale, revised in 1955.This table converts the scale reading of the Schiotz tonometer to the intraocular pressure in millimeters of mercury. Each weight is indicated by a separate column; the scale reading corresponds to an intraocular pressure dependent on the weight used.

Figure 6.4. The pneumotonometer is useful in measuring IOP in patients with abnormal corneas in whom regular mires with the Goldmann applanation tonometer cannot be obtained, or in children or patients with limited ability to cooperate for Goldmann applanation tonometry. Machines, however, vary in calibration. It is best to construct "a standard curve" for a particular machine, comparing its readings to those of the Goldmann instrument in routine glaucoma patients who have normal corneas.

Figure 6.5. The McKay-Marg tonometer, like the pneumotonometer, is particularly valuable for intraocular pressure measurement in the setting of corneal irregularity.

Figure 6.6. The Tonopen is a small, portable device that can be used with ease even by technicians.

Figure 6.7. The noncontact air-puff tonometer has the advantage of minimizing the risk of transmission of communicable disease, but suffers from lack of accuracy.
Figure 6.8. The 1955 nomogram for estimation of outflow facility by tonography. Three columns are present, as in Schiotz tonometry, for correlation of scale value to outflow facility dependent on the weight used during testing.

Table 6.1

Examples of Difference in the Degree to Which the Intraocular Pressure (P) is Calculated to Be Affected by Changes in Flow (F) and Facility of Outflow (C) in Different Types of Eyes, Assuming Constant Episcleral Venous Pressure (Pe)

	
	(mm Hg)
	
	(µl/min)
	(µl/min/mm Hg)
	
	(mm Hg)

	
	Pe
	+
	(F   ÷
	C)
	=
	P

	Normal =
	9
	
	1.5
	0.25
	
	1.5

	
	9
	
	1 to 2
	0.25
	
	13 to 17

	
	9
	
	1.5
	0.30
	
	14

	Glaucoma =
	9
	
	1.5
	0.05
	
	39

	
	9
	
	1 to 2
	0.05
	
	29 to 49

	
	9
	
	1.5
	0.10
	
	24

	Good normal =
	9
	
	1.5
	0.30
	
	14

	½ angle closed =
	9
	
	1.5
	0.15
	
	19

	¾ angle closed =
	9
	
	1.5
	0.075
	
	29

	Poor normal =
	9
	
	1.5
	0.15
	
	19

	½ angle closed =
	9
	
	1.5
	0.075
	
	29

	¾ angle closed =
	9
	
	1.5
	0.0375
	
	49


