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Introduction
Non-cycloplegic ophthalmic refraction is a clinical procedure performed during subjective or 
objective refraction with active accommodation of the eye to measure the amount of the refractive 
error without drug administration.1,2 A cycloplegic refraction is a clinical procedure used in 
ophthalmic care to determine the amount of refractive error by deactivating the ciliary muscles 
responsible for focusing the eyes using pharmaceutical agents.1,2 During this procedure, it is 
essential that the eye’s accommodation is in a relaxed state. It is known that children, particularly 
at a younger age (< 8 years), have higher levels of ocular accommodation, which can sometimes 
be excessive and impact upon measurement of ophthalmic refraction.1,2

Here the emphasis was placed upon non-cycloplegic subjective refractions (NCSR) as measures of 
refractive state and, in general, cycloplegia is not routinely used in the rural clinic concerned.

For effective scientific analysis, refractive errors must be converted into dioptric power matrices 
(see Harris3 and others4,5,6) or vectors.7,8,9,10 This allows for univariate11 and/or multivariate 
methods7,12 to be used with refractive errors and quantitative information such as means,3,4 
standard deviations (or variances)7,8,10 become determinable. Enriched graphical output for 
refractive data includes three-dimensional surfaces of constant probability density (SCPD)7,12 
using stereo-pairs in Euclidean symmetric dioptric power spaces (SDPS).8,10 Other quantitative 
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analyses of refractive errors in two-dimensional spaces 
include meridional11 or polar profiles of dioptric power, polar 
profiles of variances,11 and Mahalanobis distances for 
identification of outliers.9,10,13

Distributions for refractive errors5,8,10,12,13 are more easily 
investigated, properly analysed, and understood using the 
aforementioned methods, and this article demonstrates this 
process for refractive errors from patients examined at a rural-
based hospital in the Limpopo province of South Africa. In rural 
areas, healthcare facilities are often faced with the challenge of 
inadequate funding and a dearth of essential resources.14,15,16 
Given this scenario, it becomes imperative to optimise the 
allocation of available resources efficiently and effectively.

Limpopo province has a population of about 6 million 
people and is relatively underdeveloped in many regions.17 
Understanding the prevalence, nature, and variability of 
refractive errors over time is important for planning agencies 
and authorities to reduce the potentially adverse impacts of 
uncorrected refractive error (URE) and vision impairment 
(VI), thereby promoting social and economic development.

Dioptric power matrices and analysis for 
distributions of refractive errors
Only essential elements (for example, Equation 1) are 
included here as a transformation of refractive errors in 
clinical notation (S C A or Fs Fc A) to 2 × 2 symmetric power 
matrices F (or vectors, f or h) and analysis of a dioptric (D) 
power has been previously described in extensive 
detail.3,4,5,6,7,8,10 (References 3, 8, and 10 will be helpful for any 
readers less familiar with this topic.)

�

� [Eqn 1]

Notice that f11 and f22 in Equation 1 are (curvital) powers in 
the horizontal and vertical meridians, respectively, while 
f12 = f21 are (torsional) powers in the reference 
meridian (typically horizontal but not always). Cylinders in 
ophthalmology and optometry are measured, of course, in 
relation to the horizontal meridian.

From clinical notation or F, Equation 2 can be used for the 
scalar (or stigmatic) and antiscalar (or antistigmatic) 
coefficients of power (see vector f [from Harris] or t [from 
Thibos et al.18]): 
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The scalar or stigmatic (FI = M) coefficient is essentially 
the  spherical equivalent while the term antiscalar (or 

antistigmatic or sometimes ‘Jacksonian’) refers to powers that 
are Jackson Cross Cylinders (JCC). Notice that for asymmetric 
power matrices (where f12 ≠ f21), there is another vector 
element (FL) that we have ignored here. Also, M = FI, J0 = FJ, 
and J45 = FK.10 These coefficients are used with basis matrices 
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Coordinate vector f and Equation 3 are used for plots of 
Mahalanobis distances (MD) to identify possible outliers in 
distributions of refractive errors.10,13 Such plots provide 
estimations of the confidence level with which one can expect 
any specific measurement to be an outlier:

MDi i i
T

� �� � �� ��f f f fSff
1 .� [Eqn 3]

The 3 × 3 symmetric variance-covariance matrix Sff provides 
the necessary variances and covariances for distributions of 
refractive errors:7,10,11,12,13
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where SII is the stigmatic variance, SJJ and SKK are the 
ortho-antistigmatic and oblique antistigmatic variances, 
respectively, while SIJ (= SJI) is the stigmatic ortho-
antistigmatic covariance, SIK (= SKI) is the stigmatic and 
oblique antistigmatic covariance, and SJK (= SKJ) is the ortho- 
and oblique antistigmatic covariance. Given that Sff is 
symmetrical, only six entries are distinct; variances are 
always positive, but covariances can be positive or negative.

Means, variances, and covariances are essential statistics for 
distributions of refractive errors, and Equation 6 is the sample 
mean8,10,12:
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N
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.� [Eqn 6]

The normality of refractive error distributions is assessed 
with meridional or polar profiles using univariate Mardia’s 
skewness (β1), kurtosis (β2), and standardised mean deviation 
(SMD or A). The expected skewness (β1) should be zero for a 
symmetric or normal data distribution, but values above or 
below zero are considered positively and negatively skewed, 
respectively.10,13,19,20 The expected value of kurtosis (β2) should 
be three (3) for mesokurtic distributions of refractive errors 
and values below or above three are considered platykurtic 
or leptokurtic.10,13,19,20,21,22 The expected value for SMD (A) is 
approximately 0.7979 (≈ 0.80). (References 23–25 are useful 
for some of the software implementations as applied 
herein.23,24,25)
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The primary purpose of this study was to investigate 
and  compare samples of NCSR over 2 years (2018 and 
2019)  to  better understand the prevalence, type, and 
stability or lack thereof of NCSR for the rural clinic 
concerned. (Such information might be useful for planning 
and budgetary purposes for rural optometric and 
ophthalmology clinics.)

Research methods and design
Non-cycloplegic subjective refractions by an optometrist 
(with > 20 years of clinical experience) were collected 
retrospectively from the clinical archive of an optometric 
clinic at the Sekororo Hospital in the Mopani District of 
Limpopo province in South Africa (SA) for patients 
examined over 2 years starting from 01 January 2018 to 31 
December 2019 (2020 was excluded because of the 
coronavirus disease 2019 [COVID-19] pandemic.).

Sampling
The clinical records were randomly selected using 
a  probability-stratified random sampling method.21 
Sampled clinical records were spread into two strata (that 
is, 2018 and 2019) using the stratified formula26 (= sample 
size for the whole study divided by population size × 
stratum size). The population size for this study comprised 
1140 records over the 2 years. Of these, 706 records were 
for 2018 and 434 records were for 2019. The sample size 
for 2018 became 238 records, and 146 records for the 2019 
stratum after using the stratified formula. A total of 200 
records were added to each stratum to increase the 
statistical power of the study and to allow for the possible 
exclusion of incomplete records. So, records for 2018 
increased from 238 to 438 records, and for the 2019 sample, 
146 to 346 records. Records with incomplete information 
were excluded resulting in final sample sizes for the 2018 
and 2019 samples of 279 records and 234 records, 
respectively. Thus, 513 clinical records in total and ≈134% 
above the calculated minimum for the whole sample from 
Cochrane’s formula (Equation 7 below)14,26:
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where n = the required minimum sample size, P = 0.5 the 
percentage occurrence at 50% of the refractive error condition, 
and e = the margin of error or risk the researcher is willing to 
accept, relating to factors such as missing or incomplete 
clinical records in the study, and Z =1.96, the probability 
value at a significant level of 0.05 corresponding to the level 
of confidence chosen (here 95%).

Statistical analysis
The NCSR and other variables of interest such as age and 
gender were captured in an MS Excel spreadsheet (Microsoft 
365) for Windows 11 and then imported into Matlab software 
(The MathWorks, USA) where NCSR were transformed into 
the dioptric power matrices for further analysis.

Ethical considerations
Ethical approval (REC-1170-2021) was obtained from the 
Research Ethics Committee in the Faculty of Health Sciences 
(FREC) at the University of Johannesburg (SA). Permission 
to conduct the study at the selected hospital was granted by 
the Provincial Health Research and Ethics Committee in the 
Limpopo Department of Health, the Senior Clinical 
Manager, and the Chief Executive Officer (CEO) of Sekororo 
Hospital. 

Results
The study involved two stratified random samples (2018 
and 2019) based on clinical records from the archive of the 
district hospital concerned from January 2018 to December 
2019. Patients were of African descent and between the 
ages of 5– and 90 years with more females than males, that 
is, 346 females and 167 males. The 2018 and 2019 samples, 
respectively, included 279 and 234 NCSRs for the right 
and left eyes. Table 1 summarises the basic descriptive 
variables for the two samples. Clinical means (indicating 
mild [−2: 2 D] compound myopic astigmatism) for the 
right and left eyes did not differ much across the 2018 and 
2019 samples. Norms of the means were similar although 
slightly larger for 2018 (eyes were, on average, slightly 
more ametropic).

Normality and Mahalanobis distances for 
refractive error data
Analysis of sample normality10 and Mahalanobis distances 
(MD)10 for the right and left eyes of NCSR for 2018 and 2019 
mainly demonstrated moderate (> 4) to severe (up to 25) 
leptokurtosis and mild (± 0.75) negative or positive skewing 
(for sample normality, kurtosis is 3 and skewness is zero). 
For conciseness, normality plots are not included here. Given 
the wide range of refractive states (see stereo-pairs in 
Figure 1), these results were not unexpected. Outliers were 
infrequent in the samples, but they also contributed to 
departure from sample normality. Again, for conciseness, 
plots of MD are not included here (such plots are available 
from the first author on request).

Stereo-pair plots with 95% distribution 
ellipsoids
Figure 1 shows the stereo-pair plots with 95% distribution 
ellipsoids (DE) for the right and left eyes of 279 non-
cycloplegic subjective refractive errors for the 2018 sample 
and another 234 non-cycloplegic subjective refractive errors 
for the 2019 sample. For both stratified random samples and 
right and left eyes (in 2018 and 2019), the plots showed 
vertically orientated DE along the stigmatic axes (FII), and 
this implies that the distributions in both samples were 
mainly stigmatic, ranging from hyperopic to myopic eyes 
with mild (< 2 D) to moderate ([1.25–2 D]) astigmatism 
(points are mostly close to the stigmatic axis). Refractive 
errors (points) are more densely clustered near the sample 
means that are not far from the origin (0 D or 0 m–1), and this 
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indicates that there are many non-cycloplegic subjective 
refractive errors for the right and left eyes in both samples 
that are not too far off from emmetropia (reflecting the 
process of emmetropisation).

Rotated stereo-pair scatter plots with 95% 
distribution ellipsoids
Figure 2 shows the same plots as in Figure 1, but rotated 
(0, ‒90°) so that the data are viewed along the stigmatic axis 
with the antistigmatic (or Jacksonian) plane viewed in the 
plane of the page, and the further a measurement is from the 
origin, the greater the antistigmatic powers (FJ and FK), and 
also cylinder (Fc) or astigmatism present for any eye (The 
term antistigmatism is synonymous with JCC and FJ and FK 
are equivalent to J0 and J45).

Polar profiles of variances for the refractive 
errors (for non-cycloplegic subjective refraction)
Figure 3 shows polar profiles for curvital variances for the 
refractive states (after transformation to power matrices – 
see Equation 1) for the right and left eyes in the 2018 and 
2019 samples. The profiles represent the three variances, 
namely, f11 and f22 for the curvital coefficients of power, and 
f12 (=f21) for the torsional coefficients of power. Profiles for 
curvital variances (f11 and f22) are represented on the same 
profiles but shifted by 90°. The origin of each polar plot is at 

zero squared dioptres (0 D2) meaning no variance. So, 
profiles closer to the origin show smaller variation and 
profiles further away from the origin show greater variation. 
The radial scale in the polar plots shows the magnitude of 
variance (in D2). Variation can be either uniform (completely 
or partially uniform) or non-uniform across the meridians 
of the eyes concerned.

Figure 3A indicates that curvital variances in the samples for 
2018 were ≈ 2 to 2.5 D2 and less than for the 2019 samples (see 
Figure 3B where the range was ≈ 3.75 D2 to 4.25 D2 depending 
on meridian). In 2019, refractive errors were more variable for 
the right eyes than for the left eyes (compare the outer profiles 
in green and blue). The curvital profiles are almost uniform or 
constant, that is, variation is roughly similar for all meridians 
across the eyes concerned. Torsional variances (innermost 
profiles and see also Figure 4) were smaller than curvital 
variances and similar irrespective of the year (2018 or 2019).

In Figure 4, the profiles for the torsional variances are shown 
with dashed lines and they have a resemblance to ‘rabbit ears’. 
Irrespective of laterality (right or left eyes), the torsional 
variances are small (< 0.125 D2). This suggests that astigmatism 
for the eyes in the samples was not very variable, although 
cylinders (Fc) ranged from −0.25 D to −4 D. By contrast, 
spherical powers (Fs) ranged from −18 D to 12 D for the 
samples for 2018 and 2019.

TABLE 1: Descriptive variables for non-cycloplegic subjective refractions for 2018 and 2019 stratified samples.
Descriptive variables

Samples Eyes Clinical means (D, D, 0) Matrix means (D) Norm of the means (D) Variances and covariances (D2) Volumes of 95% ellipsoids (D3)

2018
(279 eyes)

Right ‒ 0.44 ‒ 0.15 × 86 ‒ 0.510I ‒ 0.073J + 0.011K 0.73 − −
−
−

















2.193† 0.113 0.019
0.113 0.128† 0.008
0.019 0.008 0.045†

2.80

Left ‒ 0.46 ‒ 0.16 × 75 ‒ 0.540I ‒ 0.070J + 0.041K 0.77 − −
− −
− −

















2.106† 0.068 0.052
0.068 0.126† 0.009
0.052 0.009 0.054†

6.75

2019
(234 eyes)

Right ‒ 0.38 ‒ 0.17 × 77 ‒ 0.466I ‒ 0.076J + 0.036K 0.67 − −
−
−

















4.029† 0.115 0.075
0.115 0.116† 0.007
0.075 0.007 0.050†

3.82

Left ‒ 0.41 ‒ 0.05 × 99 ‒ 0.433I ‒ 0.026J ‒ 0.008K 0.61 −
− −

−

















3.700† 0.093 0.008
0.093 0.070† 0.002
0.008 0.002 0.026†

2.08

Note: Scalar variances (SII) are larger than antistigmatic ones (SJJ and SKK). Variances were similar for the right and left eyes in 2018 and 2019, but less so across the 2 years.
†, indicates variances (see Equation 5).

FIGURE 1: Stereo-pair scatter plots with 95% distribution ellipsoids showing non-cycloplegic refractive error data for the right and left eyes for the 2018 and 2019 samples. 
(a) 279 refractive errors for right eyes (black), (b) 279 refractive errors for the left eyes (red), (c) 234 refractive errors for the right eyes (green), and (d) 234 refractive errors 
for the left eyes (blue). The ellipsoids include about 95% of the refractive errors, while the remaining 5% are outside the ellipsoids, and some that are located far outside 
ellipsoids might be regarded as potential outliers. In clinical terms, the axis lengths for all stereo-pairs are 10 D with tick intervals of 2 D. The origin is 0 D or emmetropia. 
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Discussion
This study involved two (2) stratified random samples (for 
2018 and 2019). Data collection was performed retrospectively 
based on case records extracted from the clinical archive of 
the Sekororo District Hospital for the patients at this rural 
Optometry Clinic over 2 years starting from 01 January 2018 
to 31 December 2019. The samples for 2018 and 2019, 
respectively, included 279 and 234 non-cycloplegic subjective 
refractive errors for the right and left eyes. Both samples 
were of African descent, with more females (≈ 69% in 2018 
and ≈ 65% in 2019). Although ages ranged from 5 years to 90 
years, patients were mostly adults with a mean age of ≈ 47 ± 

21 years (that is, 48.35 ± 20.86 years and 46.22 ± 20.36 years, 
respectively, for 2018 and 2019). For the purpose of this 
article, the decision was to analyse both samples separately 
rather than combine them into a single sample. This was 
performed specifically to compare the two annual samples to 
get an idea of the type and stability of the two distributions of 
NCSR over the period involved, and Figure 1 to Figure 4 and 
Table 1 provide clear indications of the similarity of the two 
annual samples in terms of mean NCSR and SCPD, despite 
slightly greater variation in NCSR for both the right and left 
eyes in 2019 (A future article might combine the two samples 
for further analysis).

Previous studies13,27,28,29,30,31,32,33,34,35,36,37 of distributions of 
refractive state in different parts of the world including the 
African continent, and sub-Saharan African region, and/or 
local studies in South Africa (SA) have differed in sample 

2I 2I

a b c d

FIGURE 2: Rotated (0, ‒ 900) stereo-pair scatter plots with 95% distribution ellipsoids for the non-cycloplegic subjective distance refractive errors for the right and left eyes 
for the 2018 and 2019 samples. (a) and (b) represent rotated ellipsoids for the right (black) and left (red) eyes for the 2018 sample, while (c) and (d) represent rotated 
ellipsoids for the right (green) and left (blue) eyes for the 2019 sample. In clinical terms, axis lengths are 2 D and the origins are at 0 D (or emmetropia). Thus, most eyes 
exhibited mild (< 1 D) or moderate (1.25 to 2 D) astigmatism.
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FIGURE 3: Polar plots of variance for the 2018 and 2019 distance refractive error 
samples. The figure includes profiles for curvital (f11 and f22 [+90°]) and torsional 
(f21= f12) variances, respectively. However, the inner torsional variances (almost 
at the polar origins) in (a) and (b) are not easily visible because of the scale 
necessary to represent the curvital profiles. (a) Variances for refractive errors 
(2018) for the right and left eyes are shown with black and red curves, 
respectively. (b) Variances for refractive errors (2019) for the right and left eyes 
are shown with the green and blue curves, respectively. The radial scale in both 
(a) and (b) ranges from 0 to 5 D2 with intervals of 1.25 D2. The meridional scale 
is from 0 to 180° with 30° intervals. There are four profiles per polar plot, but the 
inner profiles at the polar origins are redrawn in Figure 4 after adjusting the 
radial scale to improve their visibility. 
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FIGURE 4: Polar plots for the torsional variances for the 2018 and 2019 refractive 
errors. (a) The 2018 sample with black and red, respectively, representing the 
right and left eyes. (b) The 2019 sample with green and blue representing 
the right and left eyes. The radial scale is 0.25 D2 with intervals of 0.0625 D2 (the 
polar origin is the same as in Figure 3 and is 0 D2).
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sizes and other variables such as age, gender, and ethnicity. 
Comparisons of the results here to previous studies are not 
simple given differences in primary aims, population or 
sampling methods, and study designs and methodology. 
The sample sizes (279 and 234 eyes) for the years 2018 and 
2019 are consistent with that of another study by Hasrod13 in 
the Department of Optometry at the University of 
Johannesburg (SA).

Previous studies have used smaller or larger samples and in 
some studies28,34,36 participants were selected with random 
sampling methods (such as for this study), while others used 
convenience or non-probability sampling.9,13,27,29,30 This study 
naturally has a clinical bias because of the nature of the data 
concerned, and this might limit generalisation to the broader 
population.

Table 1 showed similar clinical means for the refractive errors 
for the right and left eyes for both samples (2018 and 2019). 
For the 2019 sample, the clinical mean for the right eyes was 
slightly less myopic and astigmatic compared to the left eyes. 
The magnitude or norms (the Euclidean distance of the 
sample mean concerned from emmetropia) for the right and 
left eyes were also similar (Table 1), albeit slightly smaller for 
the left eyes. These findings support the basic principle of 
emmetropisation that is common to many distributions for 
the refractive state in eyes that are not affected by conditions, 
such as, say, keratoconus or ocular or systemic disease.27 The 
clinical means, and norms of the means for the right and left 
eyes for this study are comparable to that for previous 
work.9,10,13,20,30 The clinical means for the right and left eyes of 
this study indicate mild compound myopic astigmatism 
(CMA) (sphere and cylinder: > 0.25 D),37,38 consistent with 
that of previous studies, but the magnitude of the means for 
the right and left eyes of this study are not the same as that of 
other studies reported by Mathebula and Rubin,9 MacKenzie,28 
Unterhorst,30 Moalusi,29 Hasrod,13 and Chetty.27 However, 
Chetty included both controls and eyes with keratoconus but 
in separate samples.27 Hasrod included different samples in 
her research, including presbyopes and non-presbyopes, as 
well as both cycloplegic and non-cycloplegic results. Moalusi, 
as for the other researchers above including Hasrod also, 
included apparently healthy individuals only, but 
MacKenzie, Mathebula and Rubin were mainly interested in 
comparing results for the reliability of subjective refractions.

Departures from the normality of refractive state for the right 
and left eyes revealed mainly mild negative and/or positive 
skewing of data and more profound leptokurtosis that 
support similar findings from previous studies.9,13,28,29,30,33 
Mahalanobis distances suggested that outliers were relatively 
uncommon (with five or less per sample or, at worst, 5/234 
×100 = 2.1%), and this again largely agrees with previous 
work reported in different settings, or geographical areas, or 
with different participants including some (see Chetty) with 
keratoconus.9,13,28,29,30,33 Although not included here for brevity, 
plots of Euclidean distances can be calculated and are useful 
in terms of identification of outliers.9,10,13

Polar profiles for variances (Figure 3 and Figure 4) revealed 
similar variation across samples (2018–2019), although the 
right eyes for the 2019 sample had slightly larger variation 
than that for the left eyes. Further studies with much larger 
samples and perhaps also with and without cycloplegia 
would be useful to investigate this aspect further. The 
graphical and quantitative (Table 1) methods used herein are 
well-suited to such studies and specifically apply to the 
stereo-pair scatter plots with 95% distribution ellipsoids, 
which are important to understand the distributions of 
refractive errors more thoroughly. Much of the variation in 
the refractive state was spherical (stigmatic or scalar) 
irrespective of laterality or the year of consultation at the 
rural clinic involved. Astigmatism varied across samples and 
the rotated plots in Figure 2 are especially helpful to visualise 
antistigmatic (JCC) variation.

The age range for this study was wide (from 5 years to 
90  years) and included children and adults and because 
cycloplegia was not used at the clinic concerned, this could 
be an important factor that may have affected the refractive 
state of some of the younger participants. However, most of 
the patients were adults with a bias towards older adults 
(>  40 years) and thus this is not believed to have been a 
critical factor. Generally, means, variances, covariances, and 
SCPD are relatively robust to outliers, and even to the absence 
of cycloplegia in some younger eyes (provided there are not 
too many such eyes). Therefore, the data for NCSR and 
analysis of refractive error herein provides useful information 
that can be used to modify and improve clinical services at 
the rural clinic involved and that may also be helpful for 
similar clinics in other parts of the world, particularly for 
less-developed regions where limitations in the availability 
of eye care professionals and, for example, instrumentation 
and/or diagnostic pharmaceutical drugs such as mydriatics, 
cycloplegics, and others might occasionally be factors.

Classifications of refractive error differ across authors,35,36,37 
organisations,37 and types of refractive errors38 but for the 
analyses herein, and using magnitudes, mild refractive errors 
(in terms of stigmatic powers, FI = M = Fns) are < 2 D, moderate 
in the range from 2.25 to 5.75 D (or [2.25: 5.75 D]) and severe 
is  a  magnitude > 6 D (see Equation 1 for astigmatism and 
cylinder, Fc). Although there are other qualitative and 
quantitative methods38 (not included here for brevity) to specify 
the magnitude of refractive error, Figure 1 and Figure 2 allow 
for a clinical and mainly qualitative assessment of such 
distributions or refractive errors. For example, Figure 1 and its 
distribution ellipsoids suggest that approximately 95% of the 
sample refractive errors (or NCSR) were mainly spherical 
ranging from about −4 D to 4 D for the right and left eyes in 
2018 and −5 D to 4 D for the right and left eyes in 2019. Severe 
hyperopia or severe myopia were uncommon in these samples. 
Figure 2 indicates that most eyes (see the 95% distribution 
ellipsoids) had cylinders with magnitudes ≤ 1 D, irrespective of 
laterality (the right or left eyes) (OD or OS) or the sample year 
(2018 or 2019). Thus, most eyes had a mild astigmatism and 
larger cylinders were rare in these samples. Assuming that 
these samples are representative of the geographic region 
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concerned, this might also be true for the population itself. 
However, given the presence of outliers in some samples and 
departures from normality observed, one needs to exercise 
caution with the previous assumption, and studies with much 
larger samples remain necessary for future confirmation.

This study reports on the refractive powers, primarily of 
mild compound myopic astigmatism, measured without the 
administration of cycloplegic agents. Presbyopia was also 
commonly found but has not been included in this article 
that involves distance refractive errors as determined with 
NCSR.

Possible limitations
The design of this study was a cross-sectional retrospective 
study based on historical records extracted from the clinical 
archive of the Sekororo Hospital, Limpopo, South Africa 
for the patients who consulted at the Optometry Clinic over 
2 years starting from 01 January 2018 to 31 December 2019, 
and this design could not establish the causality of the 
subjective refractive errors. As a result of the COVID-19 
pandemic, records for 2020 were not included in this study 
because of disruptions in clinic visits and booking 
schedules. Although the study’s sample sizes were 
relatively small, and cycloplegia was absent, which may 
have had an impact on the results, they were sufficient for 
the study’s aims. It is worth observing that the small sample 
sizes may limit the generalisability of the findings. 
However, given the study’s specific research aim and 
objectives, the results still provide valuable insights. 
Moving forward, it may be beneficial to consider including 
larger sample sizes and cycloplegia to further validate 
these findings. In future studies, the analysis could be 
augmented by including autorefraction and/or retinoscopy, 
in addition to the subjective method. For this study herein, 
methods such as retinoscopy were used before NCSR and 
this increases the potential reliability of the NCSR as 
determined for analysis. Random selection (extending 
beyond the limitations of a single clinical environment) 
would also be useful to form an improved understanding 
of the population distributions of URE in the geographic 
region concerned. Such approaches could lead to a more 
comprehensive understanding and knowledge about the 
general topic of refractive error and potentially also the 
probability of correctable and uncorrectable vision 
impairment (UVI) in relation to refractive error.

Possible strengths
All measurements of refractive state were obtained via a 
single optometrist with extensive clinical experience. 
Randomisation was used to select participants from the larger 
populations that utilised the optometric refractive services at 
the clinic concerned. The study provides results for refractive 
errors in African eyes, and this article amply illustrates 
multivariate methods that are important for the analysis of 
such data. These methods have not been used previously to 
any great extent, particularly involving samples that include 

African eyes and participants only. Thus, this article provides 
original and important information in this field of study.

Recommendations
The researchers suggest that future studies relating to 
refractive errors be conducted in other primary high-level 
public (or state-owned) hospitals such as regional, provincial, 
and national hospitals, and private optometric facilities for 
comparison of results. Where possible, samples should be 
increased in size and cycloplegia should be incorporated in 
the studies involving refractive state especially those 
involving children.

Conclusion
The results here can be applied to plan for improvements 
in  clinical refractive services (namely, the provision of 
evidence-based optometric care, and allocation of adequate 
resources including the provision of corrective lenses to 
reduce spectacle backlog) across rural-based optometric 
clinics in South Africa and elsewhere. 

Acknowledgements
Special acknowledgement is extended to the Provincial 
Health Research and Ethics Committee in the Limpopo 
Department of Health, the Senior Clinical Manager, and the 
Chief Executive Officer of Sekororo Hospital for allowing the 
researcher to conduct this study in their facility.

Competing interests
The authors declare that they have no financial or personal 
relationships that may have inappropriately influenced them 
in writing this article.

Authors’ contributions
K.D.M., N.H., and A.R. have contributed equally during the 
planning process and writing of this article, but K.D.M. was 
the principal investigator of this study.

Funding information
This research received no specific grant from any funding 
agency in the public, commercial or not-for-profit sectors.

Data availability
The data that support the findings of this study are available 
on request from the corresponding author, K.D.M.

Disclaimer
The views and opinions expressed in this article are those of 
the authors and are the product of professional research. It 
does not necessarily reflect the official policy or position of 
any affiliated institution, funder, agency, or that of the 
publisher. The authors are responsible for this article’s results, 
findings, and content.

http://www.avehjournal.org


Page 8 of 8 Original Research

http://www.avehjournal.org Open Access

References
1.	 Kaur K, Gurnani B. Cycloplegic and noncycloplegic refraction. Treasure Island, FL: 

StatPearls Publishing; 2024.

2.	 Ilechie AA, Addo NA, Abraham CH, Owusu-Ansah A, Annan-Prah A. Accuracy of 
noncycloplegic refraction for detecting refractive errors in school-aged African 
children. Optom Vis Sci. 2021;98(8):920–928. https://doi.org/10.1097/
OPX.0000000000001742

3.	 Harris WF. The matrix representation of dioptric power. Part 1: An introduction. S 
Afr Optom. 1988;47(4):19–23.

4.	 Keating MP. On the use of matrices for the mean value of refractive errors. 
Ophthalmic Physiol Opt. 1983;3(2):201–203. https://doi.org/10.1111/j.1475-1333

5.	 Saunders H. The algebra of sphero-cylinders. Ophthalmic Physiol Opt. 
1985;5(2):157–163. https://doi.org/10.1016/0275-5408(85)90069-9

6.	 Long WF. A matrix formalism for decentration problems. Am J Optom Physiol Opt. 
1976;53:27–33. https://doi.org/10.1097/00006324-197601000-00005

7.	 Harris WF, Malan DJ, Rubin A. The distribution of dioptric power: Ellipsoids of 
constant probability density. Ophthalmic Physiol Opt. 1991;11(4): 381–384. 
https://doi.org/10.1111/j.1475-1313.1991.tb00239.x

8.	 Harris WF. Representation of dioptric power in Euclidean 3-spaces. Ophthalmic 
Physiol Opt. 1991;11(2):130–136. https://doi.org/10.1111/j.1475-1313.1991.
tb00212.x

9.	 Mathebula SD, Rubin A. Interexaminer reproducibility for subjective refractions 
for an ametropic participant. BMJ Open Ophthalmol. 2022;7:e000954. https://
doi.org/10.1136/bmjophth-2021-000954

10.	 Rubin A, Evans T, Hasrod N. Dioptric power and refractive behaviour: A review of 
methods and applications. BMJ Open Ophthalmol. 2022;7:e000929. https://doi.
org/10.1136/bmjophth-2021-000929

11.	 Harris WF. Meridional profiles of variance-covariance of dioptric power. Part 1: 
The basic theory. Ophthalmic Physiol Opt. 1991;12(4):467–470. https://doi.
org/10.1111/j.1475-1313.1992.tb00317.x

12.	 Harris WF, Malan DJ, Rubin A. Ellipsoidal confidence regions for mean refractive 
status. Optom Vis Sci. 1991;68(12):950–953. https://doi.org/10.1097/00006324-
199112000-00007

13.	 Hasrod N. Intra- and intra-individual reliability of objective and subjective measures 
for determining of refractive state of the human eye. Doctor of Philosophy Thesis 
(DPhil), Department of Optometry, University of Johannesburg; 2022; Johannesburg, 
South Africa.

14.	 Maphumulo WT, Bhengu BR. Challenges of quality improvement in the healthcare 
of South Africa post-apartheid: A critical review. Curationis. 2019;42(1):a1901. 
https://doi.org/10.4102/curationis.v42i1.1901

15.	 Malakoane B, Heunis JC, Chikobvu P, et al. Public health system challenges in the 
Free State, South Africa: A situation appraisal to inform health system 
strengthening. BMC Health Serv Res. 2020;20:58. https://doi.org/10.1186/
s12913-019-4862-y

16.	 West RL, Lippman SA, Twine R, Maritze M, Kahn K, Leslie HH. Providers’ definitions 
of quality and barriers to providing quality care: A qualitative study in rural 
Mpumalanga Province, South Africa. J Glob Health Sci. 2021;3(1):e1. https://doi.
org/10.35500/jghs.2021.3.e1

17.	 Statistics South Africa. Statistics by place [homepage on the Internet]. 2024 [cited 
2023 Dec 03]. Available from: https://www.statssa.gov.za/

18.	 Thibos LN, Wheeler W, Horner D. Power vectors: An application of Fourier analysis 
to the description and statistical analysis of refractive error. Optom Vis Sci. 
1997;74:367–375. https://doi.org/10.1097/00006324-199706000-00019

19.	 Cain MK, Zhang Z, Yuan K-H. Univariate and multivariate skewness and kurtosis for 
measuring non-normality: Prevalence, influence, and estimation. Notre Dame, 
France: Springer; 2016.

20.	 Chetty E, Rubin A. A review of multivariate methods of analysing refractive data 
with dioptric power matrices. Afr Vis Eye Health. 2022;81(1):a714. https://doi.
org/10.4102/aveh.v81i1.714

21.	 Taherdoost H. Sampling methods in research methodology: How to choose a 
sampling technique for research. SSRN Elect J. 2016;5(2):18–27. https://doi.
org/10.2139/ssrn.3205035

22.	 Harris WF. Power vectors versus power matrices, and the mathematical nature of 
dioptric power. Optom Vis Sci. 2007;84:1060–1063. https://doi.org/10.1097/
OPX.0b013e318157acbb

23.	 Malan DJ. Computer programme for calculating mean refractive error. S Afr 
Optom. 1990;49:83–85.

24.	 Malan DJ. Applying the dioptric power matrix: Computer programmes for practical 
calculations. S Afr Optom. 1989;48:89–90.

25.	 Malan DJ. Dioptric power data analysis: Computer implementation of graphical 
methods with clinical examples. S Afr Optom. 1993;52:84–90.

26.	 William K. Stratified sampling: Definition, formula, examples, types [homepage on 
the Internet]. Survey Sparrow; 2022 [cited 2023 Jun 03]. Available from: https://
surveysparrow.com

27.	 Chetty E. A multivariate analysis of short-term variation of keratometric behaviour, 
refractive state and pachymetry in keratoconic corneas [homepage on the 
Internet]. Doctor of Philosophy Thesis (DPhil), Johannesburg, SA: Department of 
Optometry, University of Johannesburg. Johannesburg, SA; 2019. [cited 2023 
Jun 14]. Available from: https://hdl.handle.net/102000/0002

28.	 MacKenzie GE. Reproducibility of sphero-cylindrical prescriptions. Ophthalmic 
Physiol Opt. 2008;28(2):143–150. https://doi.org/10.1111/j.1475-1313.2008.​
00549.x

29.	Moalusi SS. The relationship between autorefraction, retinoscopy and subjective 
refraction by age. Master of Philosophy Dissertation (MPhil), Johannesburg, 
SA:  Department of Optometry, University of Johannesburg. Johannesburg, 
SA; 1999.

30.	 Unterhorst HA. Multivariate analysis in symmetric dioptric power space of 
refractive state at two different distances, with and without cycloplegia. Master 
of  Philosophy Dissertation (MPhil), Department of Optometry: University of 
Johannesburg; 2016.

31.	 Gillan WDH, Eiselen RJ. Refractive behaviour under light, dark and cycloplegic 
condition. S Afr Optom. 2007;66(1):12–18. https://doi.org/10.4102/aveh.v66i1.200

32.	 Gillan WDH, Harris WF. Dark refraction shift with allowance for astigmatism. S Afr 
Optom. 2005;64(1):26–30. https://doi.org/10.4102/aveh.v64i1.206

33.	 Chetty E. Multivariate analysis of the refractive state in eyes with keratoconus. 
BMJ Open Ophthalmol. 2023;8(1):e001344. https://doi.org/10.1136/bmjopth-​
2023-001344

34.	 Abelman S. Application of multivariate analysis of variance (MANOVA) to distance 
refractive variance ability and mean distance refractive state. S Afr Optom. 
2006;65(2):62–67. https://doi.org/10.4102/aveh.v65i2.259

35.	 Wajuihian SO. Frequency of asthenopia and its association with refractive errors. 
Afr Vis Eye Health. 2015;74(1):Art. #293, 1–7. https://doi.org/10.4102/aveh.
v74i1.293

36.	 Wong TY, Foster PJ, Hee J, et al. Prevalence and risk factors for refractive errors in 
adult Chinese in Singapore. Invest Ophthalmol Vis Sci [serial online]. 2000 [cited 
2024 Jan 09];41(9):2486–2494. Available from: https://iovs.arvojournals.org

37.	 Flitcroft DI, He M, Jonas JB, et al. IMI – Defining and classifying myopia: A proposed 
set of standards for clinical and epidemiologic studies. Invest Ophthalmol Vis Sci. 
2019;60:M20–M30. https://doi.org/10.1167/iovs.18-25957

38.	 Maluleke KD. Clinical profiles and refractive errors of patients at an optometry 
clinic at Sekororo Hospital, Limpopo, South Africa. Master’s dissertation in the 
Department of Optometry, University of Johannesburg. Johannesburg, SA; 2023.

http://www.avehjournal.org
https://doi.org/10.1097/OPX.0000000000001742
https://doi.org/10.1097/OPX.0000000000001742
https://doi.org/10.1111/j.1475-1333
https://doi.org/10.1016/0275-5408(85)90069-9
https://doi.org/10.1097/00006324-197601000-00005
https://doi.org/10.1111/j.1475-1313.1991.tb00239.x
https://doi.org/10.1111/j.1475-1313.1991.tb00212.x
https://doi.org/10.1111/j.1475-1313.1991.tb00212.x
https://doi.org/10.1136/bmjophth-2021-000954
https://doi.org/10.1136/bmjophth-2021-000954
https://doi.org/10.1136/bmjophth-2021-000929
https://doi.org/10.1136/bmjophth-2021-000929
https://doi.org/10.1111/j.1475-1313.1992.tb00317.x
https://doi.org/10.1111/j.1475-1313.1992.tb00317.x
https://doi.org/10.1097/00006324-199112000-00007
https://doi.org/10.1097/00006324-199112000-00007
https://doi.org/10.4102/curationis.v42i1.1901
https://doi.org/10.1186/s12913-019-4862-y
https://doi.org/10.1186/s12913-019-4862-y
https://doi.org/10.35500/jghs.2021.3.e1
https://doi.org/10.35500/jghs.2021.3.e1
https://www.statssa.gov.za/
https://doi.org/10.1097/00006324-199706000-00019
https://doi.org/10.4102/aveh.v81i1.714
https://doi.org/10.4102/aveh.v81i1.714
https://doi.org/10.2139/ssrn.3205035
https://doi.org/10.2139/ssrn.3205035
https://doi.org/10.1097/OPX.0b013e318157acbb
https://doi.org/10.1097/OPX.0b013e318157acbb
https://surveysparrow.com
https://surveysparrow.com
https://hdl.handle.net/102000/0002
https://doi.org/10.1111/j.1475-1313.2008.00549.x
https://doi.org/10.1111/j.1475-1313.2008.00549.x
https://doi.org/10.4102/aveh.v66i1.200
https://doi.org/10.4102/aveh.v64i1.206
https://doi.org/10.1136/bmjopth-2023-001344
https://doi.org/10.1136/bmjopth-2023-001344
https://doi.org/10.4102/aveh.v65i2.259
https://doi.org/10.4102/aveh.v74i1.293
https://doi.org/10.4102/aveh.v74i1.293
https://iovs.arvojournals.org
https://doi.org/10.1167/iovs.18-25957

	Distributions of non-cycloplegic subjective refractions at Sekororo Hospital in Limpopo province, South Africa
	﻿Introduction
	﻿Dioptric power matrices and analysis for distributions of refractive errors

	Research methods and design
	﻿Sampling
	﻿Statistical analysis
	﻿Ethical considerations

	﻿Results
	﻿Normality and Mahalanobis distances for refractive error data
	﻿Stereo-pair plots with 95% distribution ellipsoids
	Rotated stereo-pair scatter plots with 95% distribution ellipsoids
	﻿Polar profiles of variances for the refractive errors (for non-cycloplegic subjective refraction)

	﻿Discussion
	﻿Possible limitations
	﻿Possible strengths
	Recommendations

	Conclusion
	﻿Acknowledgements
	﻿Competing interests
	﻿Authors’ contributions
	﻿Funding information
	﻿Data availability
	﻿Disclaimer

	﻿References
	Figures
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