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Abstract
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Prematurely born children have a higher risk of ophthalmological and neurodevelopmental
disorders than those born at term. There is a paucity of long-term prospective follow-up studies
on the visual function of prematurely born adults. The current study reported the outcome of
young adult individuals born after the introduction of treatment for retinopathy of prematurity
(ROP).

The aim of the study was to assess visual function, visual-motor integration, refraction
and its development, as well as strabismus, stereoacuity, accommodation and convergence in
prematurely born young adults.

The participants were prematurely born, between 1 November 1988 and 31 October 1990,
having a birth weight of ≤1,500 g, in Stockholm County, Sweden. These individuals were
initially part of a prospective population-based study on the incidence of ROP in the neonatal
period, followed until 3.5 years of age, and examined again at 10 years of age, together with a
control group of term born individuals. At 25–29 years of age, 59 of the preterms and 44 controls
underwent an extensive ophthalmological examination and a developmental test of visual-motor
integration.

The preterms had lower visual acuity than the controls at distance and near. Mean deviation of
the visual field was reduced in preterms, as was contrast sensitivity. A crowding ratio of ≥1.5 was
more prevalent in preterms. In a test of visual-motor integration, the preterms had inferior results
compared to controls, in which a neurological complication at 2.5 years of age was the strongest
risk factor. The preterms had greater values of myopia and hyperopia, as well as anisometropia
and astigmatism, where the highest risk was found in preterms who had been treated for ROP.
The spherical equivalent decreased around 1 D in both groups from 10 years to 25–29 years
of age. Strabismus was found in 7/59 (12%) preterms and 1/44 (2%) controls. More preterms
had subnormal stereoacuity, where the strongest risk factor was a neurological complication at
2.5 years of age. Preterms had worse amplitude of accommodation. No differences were found
regarding convergence.

Prematurely born individuals had reduced visual function, worse visual-motor integration,
higher prevalence of refractive errors and strabismus, and worse stereoacuity than term born
controls in young adulthood. These lifelong effects could be correlated to previous cryotherapy
for ROP or neurological complications, but not always, suggesting a role of prematurity per se.
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Introduction 

Advances in obstetric and neonatal medicine and nursing have led to an in-
crease in the survival rate of prematurely born individuals in the last decades 
(Serenius et al., 2013). During this time, major complications of prematurity 
have become less common; however in recent years, there has been more 
awareness regarding minor complications that can affect prematurely born in-
dividuals (Aylward, 2005). Some of these problems do not become apparent 
until adolescence or young adulthood, when the individual is exposed to an 
increasingly more complex environment and tasks. 

Major ophthalmological problems associated with preterm birth are reti-
nopathy of prematurity (ROP) and various consequences of neurological dam-
age to the visual pathways. Prospective, long-term population-based studies 
on the incidence of ROP from Denmark (Fledelius, 1990), New Zealand 
(Darlow, 1988), Sweden (Holmstrom et al., 1993) and the United Kingdom 
(Fielder et al., 1992) have been carried out; however, the Swedish cohort was 
unique in that the prematurely born individuals were born after the introduc-
tion of treatment for ROP. The cohorts have been followed up at school age; 
the Danish cohort at 7–10 years (Fledelius, 1996a; Fledelius, 1996b; Fledelius, 
1996c; Fledelius, 1996d), the cohort from New Zealand at 7–8 years (Darlow 
et al., 1997), the Swedish cohort at 10 years (Larsson et al., 2003; Larsson et 
al., 2004; Larsson et al., 2005; Holmstrom et al., 2006; Larsson et al., 2006; 
Larsson and Holmstrom, 2006; Larsson et al., 2012), and the cohort from the 
United Kingdom at 10–12 years (O'Connor et al., 2002a; O'Connor et al., 
2002b; O'Connor et al., 2004; O'Connor et al., 2006). Darlow et al. have pub-
lished a follow-up in young adulthood, at 27–29 years of age, of the cohort 
from New Zealand (Darlow et al., 2013; Darlow et al., 2018); however, such 
follow-up has not been published on the cohorts from Denmark or the United 
Kingdom. 

The present thesis is based on a follow-up study of the ophthalmological 
outcome in young adulthood of the cohort from Sweden. The thesis will de-
scribe different aspects of visual function, refraction and binocular function, 
together with visual-motor integration. 
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Background 

Premature birth 
The World Health Organization (WHO) defines preterm birth as birth before 
37 weeks of gestation. Preterm birth is further classified into extremely pre-
term (<28 weeks), very preterm (28 – <32 weeks) and moderate or late pre-
term (32 – <37 weeks) (March of Dimes, 2012). Before the modern methods 
of determining gestational age (GA), birthweight (BW) was used and classi-
fied into extremely low birth weight (<1,000 grams (g)), very low birth weight 
(VLBW, <1,500 g) and low birth weight (<2,500 g) (World Health 
Organization, 2011). In 2014, the estimated global preterm birth rate was 
10.6% or 15 million prematurely born children out of the 140 million children 
born that year. These rates differ between regions of the world, with the re-
gional preterm birth rate lowest in Europe at 8.7% and highest in North Africa 
at 13.4%. The preterm birth rate has increased globally from 9.8% in 2000 to 
10.6% in 2014. Globally, most of the preterm children or 84.7% are born mod-
erate or late preterm. It is estimated that multiple births account for 20.0% of 
the preterm birth rate (Chawanpaiboon et al., 2019). 

There is a large survival gap of prematurely born infants between high- and 
low-income countries, with the survival of more than 90% of infants born be-
fore 28 weeks in high-income countries, but only 10% in low-income coun-
tries (Blencowe et al., 2012). In 2015, preterm birth complications were the 
leading cause of death in children under 5 years of age, at 17.8% (Liu et al., 
2016). Those who do survive are at a greater risk of short-term as well as long-
term morbidities compared to those born at term. Neonatal morbidities include 
intraventricular haemorrhage (IVH), periventricular leukomalacia (PVL), 
bronchopulmonary dysplasia (BPD), necrotising enterocolitis (NEC), septi-
caemia, growth failure and ROP (Express Group, 2010). Long-term morbidi-
ties include cognitive impairment, cerebral paresis, adverse mental health, re-
duced lung function, adverse vascular health, together with hearing and visual 
impairment (Blencowe et al., 2013b). 
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Retinopathy of prematurity 
Retinopathy of prematurity is a neurovascular disorder, characterised clini-
cally by abnormal retinal vascular development in the preterm infant (Hartnett 
and Penn, 2012). The condition was first described by Terry in 1942 (Terry, 
1942), and the incidence of the disorder rose sharply in the late 1940s. At the 
time, there was an increase in the survival rate of the smallest premature in-
fants, following progress in neonatal medicine, with new techniques and treat-
ments, such as the use of supplemental oxygen. Initially, the term retrolental 
fibroplasia was used for the disorder as it describes the late stage of the disor-
der, with the retina completely detached behind the lens. In the years follow-
ing, the early stages of the disorder were described, and it became known that 
most cases of ROP are in fact mild and regress spontaneously (Silverman, 
1980). 

Epidemiology of ROP 
Campbell was the first to implicate unmonitored oxygen supplementation to 
premature babies as the cause of ROP (Campbell, 1951). This practice was the 
cause of the first epidemic of ROP in the late 1940s and 1950s in Europe and 
North America (Shah et al., 2016). Restricting the use of oxygen reduces the 
need for treatment requiring ROP, but it can give rise to an increase in mor-
tality (Cross, 1973; Carlo et al., 2010). The second epidemic has been caused 
by the increased survival of low birth weight infants in the developed countries 
and persists with the survival of increasingly more immature infants 
(Valentine et al., 1989; Blencowe et al., 2013a). A lack of proper neonatal 
care, including an improper administration of oxygen in developing countries, 
such as India and South Africa, is the cause of the third ROP epidemic, which 
is characterised by severe ROP in larger, more mature premature infants (Shah 
et al., 2009; Gilbert et al., 2019). 

Globally, it is estimated that 32,300 prematurely born individuals devel-
oped long-term visual impairment secondary to ROP in 2010 (Blencowe et 
al., 2013a). Incidence of ROP varies widely between different parts of the 
world. In low-income countries where proper neonatal care is not in place and 
mortality rates are high, the incidence of ROP-related visual loss is low 
(<10/100,000 live births). In high-income countries where even the most im-
mature infants can survive, and the standard of care is high, the rates of visual 
loss are moderate (10–<45/100,000 live births). The highest rates of visual 
loss related to ROP (³45/100,000 live births) are in countries with developing 
neonatal care, where proper ROP screening and treatment are not in place 
(Blencowe et al., 2013a; Gilbert et al., 2019). 

In a 10-year report from the Swedish National ROP Register (SWEDROP), 
including the years 2008–2017, 31.9% of infants born before 31 weeks of ges-
tation had any form of ROP, and 6.1% received treatment. The total incidence 
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of ROP had remained similar during those years. However, the frequency of 
treatment had increased over the study period, as a result of treatment for the 
most immature infants (Holmstrom et al., 2019). 

Pathogenesis of ROP 
During the fourth week of gestation, the optic vesicles are formed from neu-
roectoderm, by the deepening of the optic pits at the lateral walls of the dien-
cephalon, to which they remain connected via the optic stalk. Invagination of 
the optic vesicle leads to the formation of a double layered optic cup, of which 
the outer layer becomes the retinal pigment epithelium, while the inner layer 
becomes the neurosensory retina (Chow and Lang, 2001). Differentiation of 
the retina starts at the fovea, during the end of the sixth week of gestation, and 
extends towards the periphery of the retina (Hendrickson, 2016). Retinal gan-
glion cells develop first, thereafter horizontal cells, followed by cone photo-
receptors, amacrine cells, Müller cells, bipolar cells and rod photoreceptors 
(Rapaport et al., 1996). During the eight week of gestation, retinal ganglion 
cells extend their axons centrally to the optic stalk to form the retinal nerve 
fibre layer and the optic nerve (Ramoa et al., 1987; Heavner and Pevny, 2012). 
All retinal layers are present in the central retina at mid-gestation, and around 
40 weeks in the far periphery, but the cells do not mature fully until years after 
birth (Hendrickson and Drucker, 1992; Hendrickson, 2016). The inner retinal 
layers reach the periphery by 18–20 weeks of gestation, but the outer layers 
not until 30 weeks. The development of the outer retina, the photoreceptors, 
is thus vulnerable to insults that occur later in pregnancy (Hendrickson, 2016). 

The retina receives blood from two sources: the outer choroidal vessels and 
the inner retinal vessels (Kretzer and Hittner, 1988). The choroidal vasculature 
develops early, from around six weeks of gestation (Lutty and McLeod, 2018). 
The retinal vasculature in humans develops in two processes: vasculogenesis 
and angiogenesis. Vasculogenesis starts at the GA of around 12 weeks and 
continues until 21 weeks. A scaffold for the superficial retinal plexus of ves-
sels is established by vascular precursor cells. This process starts from the 
hyaloid artery at the level of the optic nerve head and moves towards the pe-
riphery of the retina. Angiogenesis starts around 17–18 weeks of gestation and 
gives rise to the perifoveal vessels, the peripapillary radial vessels, the deep 
plexus of retinal vessels, the capillary system, and the peripheral vessels. An-
giogenesis is stimulated by a physiological hypoxia caused by the inability of 
the choroid to meet the increasing metabolic needs of maturing neurons in the 
developing retina. It starts at the fovea and progresses radially towards the 
periphery until it reaches the ora serrata at or near term (Hughes et al., 2000; 
Heidary et al., 2009). This means that the retina is not fully vascularised in 
prematurely born infants. 

ROP occurs in two postnatal phases, and perhaps there is also a prenatal 
pre-phase of ROP, caused by systemic inflammation that sensitises the retina 
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to subsequent insults (Lee and Dammann, 2012; Hellström et al., 2013). In 
phase 1, there is an arrest and even regression of vascular growth because of 
the relative hyperoxia in the extrauterine environment compared to in utero as 
well as loss of maternally derived growth factors and nutrients (Pierce et al., 
1996; Hellström et al., 2013). The relative hyperoxia, which is made worse by 
supplemental oxygen, leads to suppression of oxygen-regulated angiogenic 
growth factors, namely vascular endothelial growth factor (VEGF) (Pierce et 
al., 1995; Pierce et al., 1996) and erythropoietin (Chen et al., 2008). Other 
maternally derived factors such as insulin-like growth factor 1 (IGF-1), which 
is vital for normal growth and development of blood vessels as well as the 
brain and other tissues, are present at lower concentrations in preterms than at 
the same GA in utero (Chen and Smith, 2007; Hellström et al., 2013). IGF-1 
is required for VEGF signalling, and low serum concentrations of IGF-1 after 
premature birth are correlated to later ROP as well as other complications of 
prematurity (Smith et al., 1999; Hellstrom et al., 2001; Hellstrom et al., 2003). 
Omega long-chain polyunsaturated fatty acids (LCPUFAs) also influence vas-
cular growth and pathology, but they are mostly maternally derived and thus 
low in prematurely born infants (Hellström et al., 2013). The ω-3 LCPUFAs; 
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) have been 
shown to reduce pathologic neovascularisation by suppression of tumour ne-
crosis factor α (TNF-α) (Connor et al., 2007). Supplementation with the ω-6 
LCPUFA arachidonic acid and ω-3 LCPUFA DHA has been shown to reduce 
the risk of ROP by 50% (Hellstrom et al., 2021). Phase 1 continues from birth 
until GA of around 30–32 weeks (Chen and Smith, 2007). 

At the time of premature birth, the neuroretina, like the retinal vasculature, 
is immature. The last retinal cells to mature are the rod photoreceptors and a 
small number of foveal cones (Curcio et al., 1990; Moskowitz et al., 2016). 
Rapid developmental elongation of the outer segments of rods, together with 
an increase in retinal rhodopsin content, occurs at GA of around 32 weeks. 
During this rapid maturation, the energy demands of the rods increase because 
of increased turnover of outer segment material as well as the rod’s circulating 
current (Fulton et al., 2009). In phase 2 ROP, which begins at GA of around 
32–34 weeks (Austeng et al., 2010), the retina becomes hypoxic because of 
increased metabolic demands without the required vascularisation to support 
it (Palmer et al., 1991; Chen and Smith, 2007; Hellström et al., 2013). The 
hypoxia drives an increase in VEGF and erythropoietin, and when IGF-1 in-
creases with endogenous production in the premature infant, and reaches a 
threshold level, neovascularisation ensues (Chen and Smith, 2007; Heidary et 
al., 2009) . These new vessels are leaky and do not perfuse the retina suffi-
ciently. This can ultimately lead to fibrous scar formation and retinal detach-
ment (Hellström et al., 2013). 
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Classification of ROP 
In 1984, the Committee for the Classification of Retinopathy of Prematurity 
published an International Classification of the disease, with a description of 
the early phases of the disease (The Committee for the Classification of 
Retinopathy of Prematurity, 1984). The localisation of retinal involvement 
was specified by dividing the fundus into zones (see Figure 1); the extent of 
retinal involvement was given in clock hours; and four different stages of the 
disease were described, according to the degree of vascular lesions, or reti-
nopathy, at the junction of the vascularised and avascular retina (see Figure 
2). The article also described a progressive vascular incompetence, or “plus 
disease”, which is a sign of impending rapid progression of the disease. This 
classification was completed in 1987 with a description of the morphology, 
location and extent of the retinal detachment which can occur in later stages 
of the disease (see Figure 2), as well as a description of regressed ROP (The 
International Committee for the Classification of the Late Stages of 
Retinopathy of Prematurity, 1987). These documents enabled large multicen-
tre clinical treatment trials to be carried out which, together with improved 
imaging techniques, furthered knowledge of the disease. In 2005, the classifi-
cation was revised (International Committee for the Classification of 
Retinopathy of Prematurity, 2005). The new classification introduced the con-
cept of a more virulent form of retinopathy, aggressive posterior ROP (AP-
ROP), and described an intermediate level of vascular dilatation and tortuos-
ity, or “pre-plus disease”. 

ROP screening 
ROP is a potentially blinding disease where screening makes it possible to 
initiate treatment before it progresses to the late stages of the disease with 
following visual impairment. Screening programmes differ around the world 
because of differences in the premature population and the quality of neonatal 
care in different healthcare systems. In Sweden, the screening guidelines have 
recently been updated after analysing results from the SWEDROP register 
from 2008–2017 (Holmstrom et al., 2019). According to the new guidelines, 
all infants with a GA of less than 30 weeks (GA ≤29 weeks and 6 days) should 
be screened. The first examination should be performed at 31 weeks post-
menstrual age in the infants born at ≤25 weeks GA, but not until 6 weeks 
postnatal age if the GA is 26 weeks or more. 
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Figure 1. Zones of retinal involvement. Zone I comprises a circle with a radius of 
double the distance between the centre of the optic disc and the centre of the macula. 
Zone II extends radially from zone I to the nasal ora serrata and with a similar dis-
tance in all other directions. Zone III is the residual crescent of temporal retina ante-
rior to zone II. 

ROP treatment 
Treatment for ROP with cryotherapy started in the 1970s with conflicting re-
sults (Kingham, 1978; Ben-Sira et al., 1980). In the Multicenter Trial of Cry-
otherapy for Retinopathy of Prematurity (CRYO-ROP) study from 1986, 
premature infants were treated with transscleral cryotherapy to the avascular 
retina in one eye if the disease reached threshold, and the other eye acted as 
control. Threshold disease was defined as ROP 3 in zone I or II in five contig-
uous or eight cumulative 30° sectors (clock hours), in the presence of plus 
disease, or the level of severity where the risk of blindness is approximately 
50%. The results of the trial showed that cryotherapy of one eye is safe and 
effective, with significantly less frequent unfavourable outcome in the treated 
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eyes. It laid the basis for screening for ROP (Cryotherapy for Retinopathy of 
Prematurity Cooperative Group, 1990). 

In an effort to improve the functional outcome after treatment of ROP, the 
Early Treatment for Retinopathy of Prematurity (ETROP) study was carried 
out in the years 2000–2002 (Early Treatment For Retinopathy Of Prematurity 
Cooperative Group, 2003). In the study, one eye was assigned to treatment at 
"pre-threshold", or type 1 ROP, i.e. ROP of any stage with plus disease or 
stage 3 ROP with or without plus disease in zone I, and stage 2 or 3 ROP with 
plus disease in zone II. Plus disease should be present in at least two clock 
hours. The other eye received treatment at "threshold" disease, as defined in 
the CRYO-ROP study. The ablative method used in the ETROP study was 
generally diode laser photocoagulation, but cryotherapy was used in some 
cases. Laser photocoagulation has been shown to be at least as effective as 
cryotherapy in the treatment of ROP (McNamara et al., 1991; White and 
Repka, 1997). Further, it has been shown that both functional and structural 
outcomes of eyes treated with laser photocoagulation are better than eyes 
treated with cryotherapy (Paysse et al., 1999; Connolly et al., 2002; Ng et al., 
2002). The results of the ETROP trial led to recommendations that treatment 
should be considered in eyes with type 1 ROP. The recommendations also 
included a type 2 ROP where frequent controls were suggested, i.e. in ROP 
stage 1 or 2 without plus disease in zone I, and ROP stage 3 without plus 
disease in zone II (Early Treatment For Retinopathy Of Prematurity 
Cooperative Group, 2003). These recommendations are used as the basis for 
treatment decisions in Sweden. After a decision is made to provide treatment, 
it should be done as soon as possible, but within 72 hours at the latest. 

The most recent development in the treatment of ROP is the use of intrav-
itreal injection of anti-VEGF agents, such as bevacizumab and ranibizumab, 
especially in posterior ROP. Posterior ROP is difficult to treat with laser ab-
lation because of the risk of visual field (VF) defects following treatment. 
There are even studies describing a more favourable anterior segment devel-
opment following intravitreal anti-VEGF therapy than after laser (Geloneck 
et al., 2014; Chen and Chen, 2020). Bevacizumab is a recombinant humanised 
monoclonal antibody with a molecular weight of 149 kilodalton (kDa) (Zou 
et al., 2011; Kong et al., 2015). It has a half-life of 21 days after intravitreal 
injection in preterm infants, and has been shown to lower serum free levels of 
VEGF (Kong et al., 2015). Ranibizumab is a recombinant antigen binding 
fragment, with a molecular weight of 48 kDa (Ferrara et al., 2006; Zou et al., 
2011). It has a half-life of 9 days after intravitreal injection; however, unlike 
bevacizumab, ranibizumab does not seem to suppress plasma VEGF levels 
compared with infants treated with laser therapy (Stahl et al., 2019). The 
Bevacizumab Eliminates the Angiogenic Threat of Retinopathy of Prema-
turity (BEAT-ROP) study (Mintz-Hittner et al., 2011) compared the use of 
bevacizumab monotherapy to conventional laser in zone I or II posterior stage 
3 plus ROP. It showed some benefits in zone I ROP, but the treatment has 
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been controversial because of safety concerns, discussions regarding dose, as 
well as the risk of recurrence (Mintz-Hittner et al., 2011). The BEAT-ROP 
group has published a two-year follow-up of these infants with no apparent 
adverse effects on medical or neurodevelopmental outcomes (Kennedy and 
Mintz-Hittner, 2018). Recently, the Ranibizumab versus laser therapy for the 
treatment of very low birthweight infants with retinopathy of prematurity 
(RAINBOW) study showed that ranibizumab seems to be favourable to laser 
treatment, particularly in very severe and posterior ROP (Stahl et al., 2019). 

Figure 2. Stages of ROP. Stage 1: Demarcation line (A). Stage 2: Ridge (B). Stage 
3: Extraretinal fibrovascular proliferation (C). Stage 4: Partial retinal detachment, 
extrafoveal (stage 4A) (D), foveal (stage 4B) (E). Stage 5: Total retinal detachment 
(F). 
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Neurological development 
Preterm birth can affect a child’s development in many ways. The immature 
central nervous system is vulnerable, not only to injury but also to disruptions 
of normal development. With improvements in neonatal intensive care and 
survival of more immature infants, the rate of major disabilities, such as cere-
bral palsy, associated with preterm births has remained relatively constant, 
while milder neurocognitive deficits have become more prominent (Aylward, 
2005; Robertson et al., 2009; Broström et al., 2018). 

From the time of premature birth until GA of 40 weeks, multiple active 
developmental events take place in the immature central nervous system. 
Those involve premyelinating oligodendrocytes, axons, microglia, subplate 
neurons, ventral germinative epithelium of the ganglionic eminence, the pro-
liferative cerebral dorsal subventricular zone, cortex, thalamus and cerebel-
lum, among others. These events are susceptible to exogenous and endoge-
nous injury, e.g. inflammation, ischaemia, excitotoxicity and free-radical at-
tack (Volpe, 2009). 

Primary lesions of brain damage in the immature brain are mainly located 
in the white matter (Jacobson et al., 2006). The most important neuropatho-
logical process in prematurely born infants is PVL with concomitant neu-
ronal/axonal deficits of the cerebral white matter, cerebral cortex, thalamus, 
basal ganglia, cerebellum and brainstem. These changes are seen on neuroim-
aging of at least 50% of VLBW infants. Also of importance is IVH with or 
without periventricular haemorrhagic infarction, but IVH is much less com-
mon than PVL, occurring in around 5% (Volpe, 2009). Periventricular leuko-
malacia has two components: a focal necrosis in deep periventricular white 
matter, with loss of all cellular elements that sometimes leads to cyst for-
mation, and a less severe, more diffuse injury in central white matter, where 
there is a loss of premyelinating oligodendrocytes, astrogliosis and microglial 
infiltration (Volpe, 2003; Khwaja and Volpe, 2008). 

The pathogenesis of the white matter damage in PVL is multifactorial. 
Firstly, premature infants have a susceptibility for the development of cerebral 
ischaemia, especially in white matter. This is caused by the underdeveloped 
vascular fields within the cerebral white matter, with very low basal blood 
flow values and a minimal margin of safety. Adding to that is an impaired 
cerebrovascular autoregulation to changes in blood pressure. In this pressure-
passive cerebral circulation, even minor declines in blood pressure can lead to 
ischaemia (Khwaja and Volpe, 2008; Volpe et al., 2011). Hypocarbia is an-
other factor in the pathogenesis of PVL. Hypocarbia is a potent cerebral vas-
oconstrictor, and fluctuations in arterial carbon dioxide tension can occur dur-
ing mechanical ventilation, attributing to increased risk of PVL 
(Giannakopoulou et al., 2004; Murase and Ishida, 2005). Inflammation and 
infection also present important causes of injury or death of pre-myelinating 
oligodendrocytes (Khwaja and Volpe, 2008; Shah et al., 2008). 



 21 

In late gestation, IGF-1 plays a dominant role in the endocrine regulation 
of foetal growth (Kimble et al., 1999). It is expressed in almost all tissues of 
the foetus (Han et al., 1988). IGF-1 is important, not only in the development 
of ROP, but also for normal growth and development of the brain and blood 
vessels as well as other tissues (Hellström et al., 2013). In utero, the foetus 
receives IGF-1 via the placenta but also by drinking amniotic fluid (Hellstrom 
et al., 2001). Thus, after preterm birth, IGF-1 concentration is reduced and 
may be reduced even further by conditions such as poor nutrition, sepsis, aci-
dosis and hypothyroxinaemia (Hellstrom et al., 2003). In a study by Hellström 
et al., a difference in the rise of IGF-1 after preterm birth was shown between 
preterms that developed severe postnatal morbidities, i.e. ROP, IVH, BPD and 
NEC, and those who did not (Hellstrom et al., 2003). In the preterms with 
severe complications of preterm birth, serum IGF-1 levels remained low and 
never reached comparable foetal age-matched in utero levels. While in the 
prematurely born infants without morbidities, the IGF-1 levels rose faster and 
reached comparable values at GA 30–33 weeks. In a study by Löfqvist et al., 
it was shown that there is a correlation between head growth, which reflects 
brain growth (Lindley et al., 1999), and retinal growth, and it proposed that 
the same factors that are at work in ROP could contribute to neurological dys-
function (Löfqvist et al., 2006). Further, a study by Sveinsdóttir et al. found 
that ROP at any stage was correlated to reduced brain volume and impaired 
developmental outcome (Sveinsdottir et al., 2018). The authors concluded that 
there is a common pathway leading to the impaired neural and neurovascular 
development of the brain and retina. 

Amongst the consequences of white matter damage is cerebral palsy, which 
is caused by injury to the corticospinal motor pathways (Tekgul et al., 2020). 
Mental retardation is associated with bilateral extensive white matter reduc-
tion, and children with milder forms of PVL exhibit significantly lower intel-
ligence quotient (IQ) than the controls (Krägeloh-Mann et al., 1999). In addi-
tion, magnetic resonance imaging studies have shown abnormalities in the 
white matter of children with attention deficit hyperactivity disorder (ADHD) 
(Krägeloh-Mann et al., 1999). Lastly, injury to the optic radiations has a high 
incidence of visual impairment, with a higher incidence of reduced visual acu-
ity (VA), VF restriction (Lennartsson et al., 2014), cerebral visual impairment 
and influences on various ocular findings (Jacobson and Dutton, 2000). 

Visual function 
Embryologically, the eye is an extension of the diencephalon in the early em-
bryonic period, and the relative maturity is similar in both at different times 
of gestation (Hughes et al., 2000; Glass, 2002). The lower level of viability 
for prematurely born infants is around GA of 22–23 weeks. At that time the 
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major eye structures are formed and the visual pathway is complete (Glass, 
2002). 

The visual pathway (see Figure 3) starts with a light energy that is trans-
mitted through the cornea, anterior chamber, pupil, lens, and vitreous to the 
retina at the back of the eye. The light bypasses the different cell layers and 
blood vessels of the retina before reaching the photoreceptors. In the photore-
ceptors, the light energy is converted into an electrical impulse that is modified 
by the bipolar cells and conducted by the ganglion cells in the nerve fibre layer 
to the optic nerve (Glass, 2002). With the optic nerve, the signal travels to the 
optic chiasm where fibres carrying information from the nasal retina of each 
eye cross, while the temporal fibres do not. Posterior to the optic chiasm, the 
information is carried in the optic tract to the lateral geniculate nucleus, and 
with the optic radiation to the visual cortex in the occipital lobe. In the visual 
cortex, the representation of the visual stimulus is topographic, albeit inverted 
and reversed. There is a small difference between the images from each retina 
which allows three-dimensional information to be processed and makes depth 
perception possible (Glass, 2002). Visual acuity represents central vision, 
while VF represents peripheral vision. A developmental disturbance or injury 
to any of the structures of the visual pathway can cause problems with visual 
function. Testing of visual function can be represented as e.g. VA, VF, con-
trast sensitivity (CS), stereopsis, visual adaptation and colour vision (Martin, 
2010). 

Figure 3. The visual pathway. 
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Electroretinographic studies have shown that ROP, even if mild, causes 
changes in the function of photoreceptors and post-receptor neurons even after 
clinical ROP resolves (Fulton et al., 2009; Akerblom et al., 2014). The central 
retina seems to be particularly susceptible (Barnaby et al., 2007); however, the 
function of the peripheral retina also shows subtle deficits that persist into 
young adulthood (Moskowitz et al., 2016; Hansen et al., 2017). The photore-
ceptor dysfunction seems to correlate with GA; in a study of a cohort of ex-
tremely preterm 6.5-year-old children, the function of rods and cones was re-
duced with no correlation with ROP (Molnar et al., 2017a). Further, in a study 
of moderate to late preterm 12-year-old children, no differences were found 
between the preterms and controls on full-field electroretinography (Raffa et 
al., 2017). 

Premature birth not only affects the function but also the structure of the 
retina. Studies using optical coherence tomography have described increased 
thickness of the central macula in very and extremely preterm children, which 
primarily seems to be related to the degree of prematurity, although ROP 
could also be of importance (Akerblom et al., 2011; Molnar et al., 2017b). 
This appears to be caused by an arrest of the lateral migration of foveal cells 
during development (Akerblom et al., 2011; Yanni et al., 2012). Further, the 
retinal nerve fibre layer has been shown to be reduced in prematurely born 
children with severe ROP, including children with previously treated ROP 
(Akerblom et al., 2012). 

Previous studies of visual function in prematurely born individuals have 
consistently shown worse outcomes for these children than the controls 
(O'Connor et al., 2002a; Haugen et al., 2012; Hellgren et al., 2016). In the 
study by Larsson et al., 10-year-old preterm individuals had reduced VA both 
at distance and near compared to the controls (Larsson et al., 2005). When 
looking at the VF, the preterms who had undergone cryotherapy for ROP had 
constricted peripheral VF compared to preterms that had not received treat-
ment, and the central VF showed reduced neural capacity compared to the 
controls (Larsson et al., 2006). Further, the preterms had lower CS at all fre-
quencies than the control group (Larsson et al., 2006). Studies in children born 
moderate-to-late preterm have not shown a significant difference in VA com-
pared to term born controls, but there seems to be a correlation between better 
VA and higher GA (Robaei et al., 2006; Raffa et al., 2015; Lind et al., 2018). 

Lindqvist et al. published the results of a study from Norway on the visual 
function of two groups of 14-year-old teenagers, one born VLBW and the 
other group born small for gestational age. The VLBW group had lower VA, 
and reduced CS than term born controls. No difference was found between the 
VLBW group and the controls regarding VF (Lindqvist et al., 2007). In an-
other cohort from Sweden of 15-year-old VLBW adolescents and controls by 
Hellgren et al., the VA was significantly lower in the study group compared 
to the control group (Hellgren et al., 2007). The VLBW group also had sub-
normal VF results more often than the controls. This was especially prominent 
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in the preterms with white matter damage of immaturity on magnetic reso-
nance imaging (Hellgren et al., 2009b). 

Darlow et al. have reported on a long-term follow-up of VLBW young 
adults together with controls from New Zealand. The preterms had lower VA 
compared to the control group, most pronounced in preterms with previous 
ROP, but no differences in CS (Darlow et al., 2018). 

Visual-motor integration 
Two cortical pathways for visual processing have been identified (Mishkin et 
al., 1983). The ventral stream of projections carries information about visual 
perception from the primary visual cortex to the inferotemporal cortex. The 
dorsal stream of projections, which runs from the primary visual cortex to the 
posterior parietal cortex, carries information for visual control of skilled ac-
tions (Goodale and Milner, 1992; Goodale et al., 1994). It has been suggested 
that the cortical dorsal stream and its connections to frontal, parietal, and hip-
pocampal areas are especially vulnerable in prematurely born individuals 
(Atkinson and Braddick, 2007; Leung et al., 2018). Further, Chaminade et al. 
demonstrated dorsal stream abnormalities in prematurely born adults with 
functional magnetic resonance imaging (Chaminade et al., 2013). This is in 
line with studies that have shown that preterm children have more difficulties 
with nonverbal reasoning and visuospatial tasks than verbal ability (Johnson, 
2007; van Veen et al., 2019). This pattern seems to persist in adolescence and 
young adulthood (Lundequist et al., 2015; Molloy et al., 2016). 

Visual-motor problems can have an effect on academic performance such 
as reading, writing and mathematics and become more problematic with age 
(Aylward, 2002; Aarnoudse-Moens et al., 2009). A higher prevalence of low 
IQ among VLBW preterms than in term controls has been reported (Hack et 
al., 2002). 

Very preterm and extremely preterm individuals also have an increased risk 
of ADHD, anxiety, depression and autism (Moster et al., 2008; Johnson et al., 
2010). In adulthood, this group has a higher risk of medical and social disa-
bilities, with the risk increasing with lower GA at birth (Moster et al., 2008). 
However, overall quality of life as well as behavioural functioning does not 
seem to be worse in VLBW adults compared to their term born peers (Darlow 
et al., 2013). 

Refraction 
The development of refraction has been investigated with A-scan ultrasonog-
raphy by Gordon and Donzis (Gordon and Donzis, 1985). Before term, the 
refractive state is low myopia. At term and until 6 or 7 years of age, there is 
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mild hyperopia, followed by emmetropisation and a shift to mild myopia. Af-
ter 10–15 years of age, there is no significant change in axial length (AL). 

Using magnetic resonance imaging, it has been shown that being born 
premature and the development of ROP affect eye growth (Munro et al., 
2015). Prematurely born children with ROP show delayed development of an-
terior chamber depth, posterior segment depth, AL, and corneal and lenticular 
curvatures compared to term born children and prematurely born children 
without ROP. These factors determine the refraction of the eye. Studies have 
shown that axial length versus corneal radius (AL/CR) ratio is the most relia-
ble parameter in predicting myopia. Prematurely born individuals with myo-
pia tend to have lower AL and CR than term born individuals; however, the 
AL/CR ratio is consistently greater in those with myopia regardless of GA at 
birth (Goss and Jackson, 1995; Baker and Tasman, 2008). 

Premature birth and ROP have been shown to increase the risk of refractive 
errors in VLBW and extremely premature children (Larsson et al., 2003; 
Hellgren et al., 2016). In particular, late stages of ROP together with cryother-
apy for ROP, have been linked to increased risk of myopia in children (Quinn 
et al., 2001; Connolly et al., 2002). However, varying results have been found 
in children born moderate-to-late preterm (Robaei et al., 2006; Raffa et al., 
2015; Lind et al., 2018). In a study of VLBW Swedish teenagers, astigmatism 
was significantly more prevalent in the preterm group; however, the preva-
lence of myopia or hyperopia did not reach significance (Hellgren et al., 
2007), which is similar to a study of Norwegian adolescents, where no differ-
ence was found between the VLBW group and controls regarding refractive 
errors, although the preterms were more likely to have anisometropia. 
(Lindqvist et al., 2007). In a study of young adults from New Zealand, the 
incidence of myopia and hypermetropia did not differ between VLBW sub-
jects and controls, but high myopia and astigmatism were more common in 
the VLBW group (Darlow et al., 2018). 

Binocular function 
Strabismus is an ophthalmological condition in which both eyes of an individ-
ual are unable to gaze at a target simultaneously, and the optical axis of each 
eye is separated from the other (Shao et al., 2019). Eye movements are con-
trolled by complex neural circuits that are distributed in the brainstem, basal 
ganglia, cerebellum and multiple areas of the cortex of the brain (Pouget, 
2015). Strabismus can be caused by disruptions in these neural circuits, dys-
functions of the extraocular muscles controlling eye movements, and genetics 
(Shao et al., 2019). 

For normal binocular vision, the eyes must be aligned, that is, no strabismus 
can be present, and binocular fusion must be in place. Binocularity can be 
divided into sensory, which is represented by the preference for fusion and 
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stereopsis, and motor, represented by fusional vergence eye movements (con-
vergence/divergence) (Schaadt et al., 2014). At 1 month of age, most infants 
are orthotropic, and both sensory and motor fusion develop at around 3 months 
of age (Thorn et al., 1994). Stereopsis is the perception of depth based on the 
binocular disparity between the images of an object in the right and left eye 
(Read, 2015). Stereopsis is presented as stereoacuity in seconds of arc (arcsec) 
(Piano et al., 2016). 

Convergence is the simultaneous adduction of both eyes in an effort to 
maintain binocular vision while focusing on a near target (Lanca and Rowe, 
2019). Convergence insufficiency can result in various symptoms such as 
headaches, eye strain and occasional double vision, and problems with reading 
and other near work (Scheiman et al., 2011). Convergence is strongly con-
nected to accommodation, which is the increase in the refractive power of the 
eye used to bring near objects into focus (Wold et al., 2003; Momeni-
Moghaddam et al., 2014). Accommodative insufficiency can cause symptoms 
such as asthenopia, blurred vision and headaches (Daum, 1983). 

Studies on prematurely born children and adolescents have shown a higher 
risk of strabismus in the preterms than term born controls (O'Connor et al., 
2002b; Holmstrom et al., 2006; Lindqvist et al., 2008; Hellgren et al., 2009a). 
The risk of strabismus in moderate to late preterm children has shown different 
results between studies. Robaei et al. found an increased risk of strabismus, 
while Raffa et al. found an increased risk of heterophorias at distance but not 
heterotropias, in moderate to late preterm children compared to term born con-
trols (Robaei et al., 2006; Raffa et al., 2015). 

Stereoacuity has been shown to be poorer in prematurely born children and 
adolescents compared to the controls (Holmstrom et al., 2006; Lindqvist et al., 
2008; Hellgren et al., 2009a). In the study by Holmström et al. the difference 
remained after excluding those with strabismus; however, in a study from the 
United Kingdom, a difference in median stereoacuity between prematurely 
born children and controls, was no longer significant after excluding all chil-
dren with strabismus (O'Connor et al., 2002b; Holmstrom et al., 2006). 

In a study on Swedish preterm children and controls at 10 years of age, 
accommodation and convergence were worse in the preterm children (Larsson 
et al., 2012). However, in a study on VLBW adolescents from Norway, a dif-
ference was found between preterms and controls regarding convergence, but 
not regarding accommodation (Lindqvist et al., 2008). 
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Aims 

• To perform a prospective population based long-term follow-up of oph-
thalmological findings in young adults born prematurely. 

• To analyse the results according to degree of ROP in the group of prema-
turely born individuals. 

• To compare the results with a group of young adults born at term. 
• To compare the results with a previous ophthalmological follow-up in the 

same population in childhood. 
 
• Specifically: 

• To evaluate the visual acuity, near visual acuity, crowding, contrast 
sensitivity and visual field. 

• To evaluate the visual-motor integration. 
• To evaluate refraction and its development over time. 
• To evaluate strabismus, stereoacuity, accommodation and conver-

gence. 
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Material and methods 

Material 
The present study is a follow-up of two previous studies in the same cohort of 
prematurely born individuals. 

The original population-based cohort comprised 260 infants born with a 
BW of ≤1,500 g, between 1 November 1988 and 31 October 1990, in Stock-
holm County, Sweden. All infants were screened prospectively for ROP. In-
clusion criterion for screening at the time was BW ≤1,500 g. Forty per cent 
had ROP and 11% were treated with cryotherapy for ROP (Holmstrom et al., 
1993). At that time, the criterion for treatment in Sweden was ROP stage 3 in 
at least four clock hours in zone II, even in the absence of plus disease. Of the 
originally screened infants, 248 were followed until 3.5 years of age 
(Holmstrom et al., 1999). At 10 years, 216 of the same group of children were 
comprehensively examined ophthalmologically again, together with a control 
group of 217 children born in Stockholm County, in the same time period but 
born at full-term (39–41 weeks) and with a BW of 3,000–4,000 g (Larsson et 
al., 2003; Larsson et al., 2004; Larsson et al., 2005; Holmstrom et al., 2006; 
Larsson et al., 2006; Larsson and Holmstrom, 2006; Larsson et al., 2012; 
Larsson et al., 2015). 

Figure 4. Flowchart of attendance at different ages in the same population of prema-
turely born individuals. 
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At 25 years of age, a new invitation was sent out to the premature cohort from 
the 10-year follow-up. Fifty-nine individuals accepted the invitation and com-
prised the current study group. Figure 4 reflects a flowchart of the attendance 
at different ages in the same population of prematurely born individuals. 

Regarding the control group from the 10-year study, 34 individuals partic-
ipated in the present study. In an effort to expand the control group, invitations 
were sent out to individuals fulfilling the same criteria as before, i.e. born in 
Stockholm county between 1 November 1988 and 31 October 1990, and ran-
domly chosen from the Swedish National Board of Health and Social Welfare 
Register. A total of 363 invitations were sent out, which resulted in 10 new 
controls; thus, there was a total of 44 individuals born at term. All persons 
were located using personal identification numbers used in Sweden and were 
asked by letter if they wanted to participate in an ophthalmological follow-up 
study at the Department of Ophthalmology, Uppsala University Hospital. The 
participants were all between 25 and 29 years of age at the time of examina-
tion. 

Table 1 shows a comparison of the present study group and the prematurely 
born individuals from the 10-year study that did not attend at 25–29 years, 
which is the drop-out group. There were no differences with regard to GA or 
BW, nor regarding previous ROP, neurological complications at 2.5 years of 
age or mean VA, spherical equivalent (SE) and strabismus at 10 years of age. 
However, a larger proportion of those previously treated for ROP attended the 
25–29 year follow-up, and a larger proportion was female. 

Table 1. Demographics of prematurely born individuals from the 10-year follow-up 
who attended and those who did not attend the 25–29-year follow-up study. 

  Attended Did not attend 
Number 59/216 157/216 
Mean BW (g) 1167 1166 
Mean GA (weeks) 29.3 29.1 
Male gender 22 (37%) 83 (53%) 
Previous ROP 25 (42%) 61 (39%) 
Treated ROP 13 (22%) 12 (8%) 
Neurological complication at 2.5 years 8 (14%) 24 (15%) 
Mean logMAR VA at 10 years RE -0.03 RE -0.02 
 LE -0.03 LE -0.01 
Mean spherical equivalent at 10 years RE 0.62 D RE 0.62 D 
 LE 0.59 D LE 0.70 D 
Strabismus at 10 years 8 (14%) 24 (18%) 

BW=birth weight, g=grams, GA=gestational age, LE=left eye, RE=right eye, VA=visual acu-
ity. 

In the former studies, mild ROP was defined as ROP stage 1–2 and severe as 
ROP stage 3–5; also, the preterm group was divided into subgroups of mild 
ROP, severe untreated ROP, and severe treated ROP (Larsson et al., 2005). At 
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the 25–29 year follow-up, only one person with previous severe untreated 
ROP attended; therefore, the group was divided into subgroups of “no ROP”, 
“untreated ROP” (including mild ROP and one case of severe ROP), and 
“treated ROP”. 

At 2.5 years, neurological complication was defined as an IVH grade 3 or 
4 in the neonatal period and/or obvious neurologic sequelae (cerebral palsy, 
mental retardation or epilepsy). No further neurological examination was per-
formed at 10 or 25–29 years of age. Eight prematurely born individuals in the 
current study had a neurological complication according to the definition at 
2.5 years (Holmstrom et al., 1999). 

Demographics of the 59 prematurely born participants and 44 controls are 
shown in Table 2. There was a difference between the two groups regarding 
gender, with the study group having a larger proportion of females. However, 
in the control group, a higher proportion was male. 

Table 2. Demographics of prematurely born individuals and term born controls. 
    BW (g) GA (weeks) Gender Neuro RE/LE 
  Mean (SD) Mean (SD) N M/F N M/F N 
    Range Range       
Controls N=44 3000 – 4000 39 – 41 26/18 n/a 44/44 
Preterms N=59 1167 (237) 29.3 (2.1) 22/37 4/4 59/59 
  700 – 1490 24 – 34    

No ROP* N=34 1264 (195) 29.8 (2.0) 16/18 3/1 34/36 
  711 – 1490 26 – 34    

Untreated ROP* N=12 1082 (258) 29.2 (1.6) 4/8 0/2 12/10 
  750 – 1466 27 – 32    

Treated ROP* N=13 993 (201) 28.0 (2.4) 2/11 1/1 13/13 
    700 – 1380 24 – 32       

*In the eye with most severe stage of ROP. 
BW=birth weight, F=female, g=grams, GA=gestational age, LE=left eye, M=male, N=number, 
n/a=not applicable, Neuro=neurological complication at 2.5 years, RE=right eye, ROP=reti-
nopathy of prematurity, SD=standard deviation. 

Methods 
Best-corrected distance VA was assessed monocularly with the logarithmic 
early treatment diabetic retinopathy study (ETDRS) chart at 4 metres. Best-
corrected near VA was assessed binocularly with the logarithmic Near Visual 
Acuity ETDRS Chart at 40 cm. All correctly read letters were noted, and the 
exact logarithm of the minimal angle of resolution (logMAR) value was cal-
culated. 

Crowding was estimated monocularly using LEA optotypes. Single opto-
type acuity was assessed with the LEA symbols Single Symbol Book at a 
viewing distance of three metres and line acuity with the LEA symbols 15-
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Line Distance Chart at the same distance. Crowding ratio was calculated as 
single optotype acuity divided by line acuity. Crowding could not be measured 
in the worse eye of two prematurely born individuals. 

Visual fields were tested with the Humphrey Field Analyzer II 750i (Carl 
Zeiss Meditech, Germany) and the Swedish interactive threshold algorithm 
(SITA)-standard 24-2 programme. Tests having >15% false positive re-
sponses were excluded. According to this criterion, the better eye in two pre-
terms and both eyes in one full-term were excluded. One prematurely born 
individual was not able to perform the visual field examination in either eye, 
and one preterm could not complete the test in the worse eye because of re-
duced VA. 

Contrast sensitivity was determined for each eye with the Vistech Contrast 
Sensitivity Test System (VCTS 6500) (Vistech Consultants Inc., Ohio, USA), 
which measures the CS at five spatial frequencies: 1.5, 3, 6, 12 and 18 cycles 
per degree (c/deg), at a viewing distance of 3 metres. The logarithmic values 
were used for the analysis. The within subject restricted area under the curve 
(AUC) (from 1.5 to 18 c/deg) for log CS was estimated using a third-degree 
polynomial regression model. As with crowding, CS could not be measured 
in the worse eye of two preterms. 

The participants answered a short questionnaire about their vision, educa-
tion, work, and general health, see Appendix. 

A developmental test of visual-motor integration was given, together with 
two supplementary tests of visual perception and motor coordination (Beery 
and Beery, 2010). In the main part of the test, the participants were given a 
booklet with a sequence of 30 increasingly complicated geometrical forms to 
copy. In the visual perception test, the subject was asked to identify the exact 
copy among several variants of geometric forms. The motor coordination test 
involved a proof of tracing different forms with a pencil without going outside 
double-lined paths. Each test was evaluated individually and anonymously by 
an experienced neuropsychologist (Birgitta Böhm, PhD), skilled at scoring the 
test and blinded to the group members. The raw scores were converted into 
standardised scores. The results of the three tests range from 45 to 107 points, 
with a mean of 100 points and standard deviation (SD) of 15. All preterm and 
control subjects could accomplish the three visual-motor integration tests. 

All measurements of refraction were performed in cycloplegia, at least 40 
minutes after instilling a combination drop of 0.85% cyclopentolate and 1.5% 
phenylephrine. The refraction was measured using the Topcon KR-8900 au-
torefractor (Topcon Corporation, Tokyo, Japan). The spherical equivalent was 
calculated. Astigmatism was recorded as a negative cylinder, and the axis di-
vided with the rule (0°–15° and 165°–180°), against the rule (75°–105°) and 
oblique (16°–74°and 106°–164°). 

The AL, anterior chamber depth (ACD), and CR in two meridians were 
measured using the IOLMaster 500 (Carl Zeiss Meditec AG, Jena, Germany). 
A mean of the two CR readings was used in calculations. The AL/CR ratio 
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was calculated. One of the preterms could not complete the IOLMaster meas-
urements. One control had undergone laser-assisted in situ keratomileusis 
(LASIK) eye surgery bilaterally and was thus excluded from all calculations 
of refraction. 

Ocular alignment was evaluated with the cover-uncover test and the alter-
nate cover test for distance and near. Strabismus was defined as any type of 
manifest or intermittent strabismus. An assessment of ocular movements was 
made. Heterophoria was defined as any movement of the eye while perform-
ing alternating cover test. 

Stereoacuity was measured using the TNO test for stereoscopic vision, and 
the corresponding retinal disparities were expressed in seconds of arc. Stere-
oacuity was regarded as normal if ≤ 60 arcsec (Holmstrom et al., 2006). 

Measurement of the amplitude of accommodation was established monoc-
ularly using the Royal Air Force (RAF) Rule. (Turner, 1958; Burns et al., 
2014). The average values of three measurements were recorded and ex-
pressed in dioptres (D). Hofstetter’s equations were used to calculate the min-
imum (15 – 0.25 x age), mean (18.5 – 0.3 x age) and maximum (25 – 0.4 x 
age) amplitude of accommodation (Hofstetter, 1950). 

The near point of convergence was measured using the RAF Rule with the 
dot on a line target. The measurement was carried out once and expressed in 
centimetres (cm). One preterm participant was unable to take part in measure-
ments of accommodation and convergence. 

Slit lamp examination of the anterior segment and ophthalmoscopy of the 
posterior segment through dilated pupils were performed. 

Right eyes (REs) were assessed before left eyes (LEs). 

Statistical methods 
Power analysis was performed before the study, using a power of 80% and a 
significance level of 0.05. 

For subject characteristics, mean and standard deviation or median and in-
terquartile range (IQR), as well as 95% confidence interval (CI) and range 
were presented for continuous variables, and relative frequencies for categor-
ical variables and for categorised continuous variables. Right and left eyes or 
better and worse eyes were analysed separately. Better eye was defined as the 
eye with the better VA. If VA was equal in both eyes, the RE was chosen as 
the better eye. The better and worse eye, according to this definition, were 
used for analyses of VA, crowding, VF and CS, as well as stereoacuity. 

Unadjusted comparison of preterms and controls was performed using t-
test or Mann-Whitney U-test for continuous variables and Fisher’s exact test 
for categorical variables. In paper II, Kruskal-Wallis test was used, and post 
hoc analyses were carried out using Dunn’s test. Linear or logistic regression 
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models adjusting for gender (and refraction in paper I) were also used for com-
parison between the premature and control groups. 

Simple or logistic regression analyses were performed within the preterm 
group, including related or prognostic factors, followed by a multivariable re-
gression analysis. The factors were BW, GA, neurological complication at 2.5 
years, gender, ROP (yes/no) and treated ROP (papers I–IV); VA in better eye, 
binocular near VA and CS in better eye (paper II), AL and ACD (paper III) 
and refraction (paper IV). Analyses of correlations in paper IV were per-
formed using Pearson correlation coefficient. 

When comparing the preterm study and drop-out groups, an unpaired t-test 
or Pearson’s chi-square test were used. 

Analyses were performed using IBM SPSS Statistics version 25 (IBM 
Corp, New York, USA) and R versions 3.6.1, 3.6.3 and 4.0.2 (R Foundation 
for Statistical Computing, Vienna, Austria). 

A p-value <0.05 was regarded as statistically significant. No adjustments 
for multiplicity have been performed, and all p-values should thus be inter-
preted with that in mind. 

Ethical considerations 
The study was approved by the Regional Ethical Review Board of Uppsala, 
Sweden (Dnr 2014/548). It was performed in accordance with the Declaration 
of Helsinki. All participants signed a written informed consent form before 
entering the study. 

The examination techniques included in the study are all well established 
and used in everyday clinical ophthalmological practice. All methods are safe, 
but a slight burning or stinging can be felt in the eyes directly after the cyclo-
plegic drops are given. The cycloplegic effect of the drops can also cause some 
discomfort, in the form of light sensitivity and impaired near VA, for a few 
hours after administration. The cohort was originally from Stockholm, and 
although many had moved away from Stockholm, most of the participants 
lived outside of Uppsala at the time of the study. Therefore, the study group 
had to spend considerable time and effort travelling to Uppsala to kindly par-
ticipate in the research project. All participants received a detailed ophthalmo-
logical investigation. If any ophthalmological problems, requiring follow-up, 
were detected, measures were taken to ensure appropriate care. 



 34 

Results 

Mean values of best-corrected distance VA in better and worse eye are shown 
in Table 3. The prematurely born individuals had reduced VA compared to 
the control group in the better (p <0.01) and worse eye (p = 0.01). After pre-
terms with previous ROP were excluded, the difference regarding worse eye 
remained (better eye difference -0.03, 95% CI -0.06 – 0.00, worse eye differ-
ence -0.04, 95% CI -0.09 – 0.00), and in better and worse eyes after those with 
a neurological complication at 2.5 years were excluded (better eye difference 
-0.04, 95% CI -0.08 – -0.01, worse eye difference -0.07, 95% CI -0.13 – -
0.01). 

Within the preterm group, the individuals with previously treated ROP had 
worse VA than those with no ROP, in a linear regression analysis (difference 
0.08, 95% CI 0.01 – 0.14). However, the difference did not remain after the 
multivariable analysis. 

Table 3. LogMAR best-corrected distance visual acuity in better and worse eye and 
binocular near visual acuity in prematurely born individuals and term born con-
trols. 

    VA better eye VA worse eye   Near VA 
  Mean (SD) Mean (SD)  Mean (SD) 
    Range Range   Range 
Controls N=44 -0.14 (0.07) -0.09 (0.08) N=44 -0.13 (0.06) 
  -0.30 – 0.02 -0.26 – 0.12  -0.30 – 0.00 
Preterms N=59 -0.08 (0.11) 0.03 (0.27) N=59 -0.08 (0.11) 
  -0.26 – 0.42 -0.22 – 1.60  -0.26 – 0.48 

No ROP N=36/34 -0.10 (0.09) 0.01 (0.30) N=34 -0.10 (0.10) 
  -0.26 – 0.20 -0.22 – 1.60  -0.26 – 0.20 

Untreated ROP N=10/12 -0.08 (0.10) 0.01 (0.08) N=12 -0.08 (0.05) 
  -0.22 – 0.10 -0.08 – 0.20  -0.18 – 0.02 

Treated ROP N=13/13 -0.02 (0.14) 0.09 (0.29) N=13 -0.02 (0.16) 
    -0.18 – 0.42 -0.12 – 1.02   -0.14 – 0.48 

N=number, ROP=retinopathy of prematurity, SD=standard deviation, VA=visual acuity. 

No differences were found between the present preterm group and the preterm 
drop-out group from the 10-year study regarding mean VA, see Table 1. Four 
children participating in the 10-year study fulfilled WHO’s definition of visual 
impairment (>0.3 logMAR) (Larsson et al., 2005; World Health Organization, 
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2019). None of these individuals participated in the current study; further-
more, one preterm in the current study fulfilled the criteria. 

Six preterm individuals had VA >0.0 logMAR, of which three had previous 
ROP, two had a neurological complication at 2.5 years and one had neither. 
One of the controls had VA >0.0 logMAR. 

The mean values of binocular near VA are presented in Table 3. Preterms 
had worse near VA compared to controls (difference -0.03, 95% CI -0.07 – 
0.00). However, the difference did not remain after excluding individuals with 
previous ROP or neurological complication at 2.5 years. Within the preterm 
group, individuals with treated ROP had worse near VA than those with no 
ROP in a multivariable analysis (difference 0.10, 95% CI 0.02 – 0.18). 

Mean values of crowding ratio, and the prevalence of crowding ratio ≥1.5, 
are given in Table 4. The mean values were quite similar between the groups. 
However, the preterms had a higher prevalence of crowding ratio ≥1.5 (p 
<0.05). One of the preterms with crowding ratio ≥1.5 had a neurological com-
plication at 2.5 years. 

Table 4. Crowding ratio, crowding ratio >1.5 in better and worse eye in prema-
turely born individuals and term born controls. 

  Better  CR CR ≥1.5 Worse  CR CR ≥1.5 
 eye Mean (SD) N (%) eye Mean (SD) N (%) 
    Range     Range   
Controls N=44 1.20 (0.26) 4 (9%) N=44 1.32 (0.27) 14 (32%) 
  0.63 – 2.00   0.80 – 2.00  

Preterms N=59 1.26 (0.30) 16 (27%) N=57 1.30 (0.30) 16 (28%) 
  0.50 – 2.00   0.64 – 2.00  

No ROP N=36 1.27 (0.25) 9 (25%) N=33 1.33 (0.31) 8 (24%) 
  1.00 – 2.00   1.00 – 2.00  

Untreated ROP N=10 1.38 (0.30) 4 (40%) N=12 1.28 (0.27) 4 (33%) 
  1.00 – 1.98   0.78 – 1.60  

Treated ROP N=13 1.16 (0.40) 3 (23%) N=12 1.25 (0.30) 4 (33%) 
    0.50 – 2.00     0.64 – 1.60   

CR=crowding ratio, N=number, ROP=retinopathy of prematurity, SD=standard deviation. 

Analyses of the mean deviation (MD) of the VF were carried out and are 
shown in Table 5. The prematurely born individuals had an impaired MD 
compared to the controls in the better and worse eye (better eye difference 
0.43, 95% CI 0.00 – 0.86, worse eye difference 0.48, 95% CI 0.00 – 0.96). 
The differences did not remain after excluding preterms with previous ROP 
or a neurological complication at 2.5 years. Within the preterm group, those 
with previously treated ROP had lower MD than those with no ROP in the 
better eye (difference -1.14, 95% CI -1.94 – -0.35), in a multivariable analysis. 
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Table 5. Mean deviation of the visual fields in better and worse eye in prematurely 
born individuals and term born controls. 

    Better eye   Worse eye 
  Mean (SD)  Mean (SD) 
    Range   Range 
Controls N=43 -0.80 (1.03) N=43 -0.92 (1.16) 
  -3.46 – 1.17  -3.92 – 1.11 
Preterms N=56 -1.09 (1.13) N=57 -1.32 (1.19) 
  -5.16 – 0.64  -4.54 – 0.79 

No ROP N=35 -0.93 (0.92) N=33 -1.34 (1.15) 
  -3.82 – 0.64  -4.54 – 0.79 

Untreated ROP N=9 -1.10 (1.61) N=12 -1.07 (1.43) 
  -5.16 – -0.12 -4.16 – 0.29 

Treated ROP N=12 -1.54 (1.26) N=12 -1.49 (1.12) 
    -3.58 – 0.16   -3.60 – 0.52 

N=number, ROP=retinopathy of prematurity, SD=standard deviation. 

Mean values of logarithmic CS in all spatial frequencies together with the 
AUC in the better and worse eyes can be found in supplemental material eTa-
ble 2 in paper I. Figure 5 shows the AUC in the better and worse eyes. Ac-
cording to the AUC values, the preterms had reduced CS compared to controls 
in better and worse eyes (better eye difference 0.14, 95% CI 0.08 – 0.21, worse 
eye difference 0.14, 95% CI 0.07 – 0.21). The difference remained after ex-
cluding preterms with previous ROP (better eye difference 0.12, 95% CI 0.05 
– 0.18, worse eye difference 0.11, 95% CI 0.03 – 0.19) or a neurological com-
plication at 2.5 years (better eye difference 0.14, 95% CI 0.07 – 0.21, worse 
eye difference 0.13, 95% CI 0.06 – 0.21). Within the preterm group, no dif-
ferences were found. 

All preterms with previously treated ROP had retinal scars in the periphery; 
however, none had macular heterotopia. Two of the controls had macular pig-
mentations in their worse eyes, but the VA was <0.0 logMAR for both. One 
control had pigmentations on the corneal endothelium (VA RE -0.18 and LE 
0.12 logMAR) and one had a lens opacity (VA 0.0 logMAR). Further, one 
control had undergone LASIK because of refractive error. 
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Figure 5. Contrast sensitivity curve, mean and 95% CI, in better (A) and worse (B) 
eyes of prematurely born individuals and term born controls. CI=confidence inter-
val, ROP=retinopathy of prematurity. 
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The results of the questionnaire, see Appendix, regarding education, showed 
that 36/59 (61%) preterms and 33/44 (75%) controls were pursuing or had 
completed a university education. Furthermore, 36 (61%) preterms and 35 
(80%) controls had a driver’s licence. As for daily activities, 43 (73%) of the 
prematurely born individuals and 38 (86%) controls were studying or working 
full-time. 

The answers to the questions regarding self-reported health revealed that 
the preterms more often reported medical and mental health disorders than the 
controls. Depression was reported by eight (14%) preterms and one (2%) con-
trol. Five (8%) preterms but no controls disclosed a diagnosis of autism. Self-
reported neurological morbidities were only reported by the prematurely born 
individuals, except for epilepsy, stated by one participant in each group. 

Figure 6 presents the results of the developmental test of visual-motor in-
tegration, together with the results of the supplemental tests of visual percep-
tion and motor coordination in preterms and controls. The prematurely born 
individuals had lower scores on all three parts of the test compared to the con-
trols: visual-motor integration (p <0.01), visual perception (p <0.01) and mo-
tor coordination (p <0.01). 

Table 6 provides the results for the preterm group, divided according to the 
level of ROP, and controls. In all three parts of the test, the difference was 
most pronounced for preterms with previously treated ROP. 

Within the preterm group, no correlations were found between the visual-
motor integration test and GA or BW. No differences were found between the 
different ROP groups with regard to any of the three parts of the test. Moreo-
ver, within the preterm group, no correlations were found between distance 
and near VA and visual-motor integration. However, there was a correlation 
between visual perception and CS, represented as the AUC, in the better eye, 
in a multivariable analysis (difference 20.1, 95% CI 2.9 – 37.3), but not re-
garding the other parts of the test. 

The prematurely born individuals with a neurological complication at 2.5 
years had lower scores on the visual-motor integration part of the test than 
those without (median value 74.5 (IQR 37) vs 92.0 (IQR 15)). However, this 
difference was not found with regard to visual perception or motor coordina-
tion. In a multivariable regression analysis, a neurological complication at 2.5 
years was a risk factor for lower scores on visual-motor integration (difference 
-15.2, 95% CI -26.6 – -3.9). 
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Figure 6. Visual-motor integration (A), visual perception (B) and motor coordina-
tion (C) in prematurely born individuals and term born controls. 
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Table 6. Visual-motor integration, visual perception and motor coordination in 
prematurely born individuals and term born controls. 

    Visual-motor 
integration 

Visual  
perception 

Motor  
coordination 

  Median (IQR) Median (IQR) Median (IQR) 
    Range Range Range 
Controls N=44 103.0 (11) 101.0 (8) 102.0 (15) 
  72 – 107 86 – 107 71 – 107 
Preterms N=59 87.0 (21) 97.0 (15) 97.0 (21) 
  45 – 107 45 – 107 45 – 107 
No ROP* N=34 89.5 (17) 99.0 (11) 97.0 (17) 
  45 – 103 45 – 107 45 – 107 
Untreated ROP* N=12 89.5 (27) 96.5 (26) 94.5 (16) 
  57 – 107 45 – 107 71 – 107 
Treated ROP* N=13 83.0 (18) 92.0 (18) 92.0 (16) 
    45 – 103 81 – 107 64 – 102 

*In the eye with the most severe stage of ROP. 
IQR=interquartile range, N=number, ROP=retinopathy of prematurity. 

Regarding refraction, the mean SE of the prematurely born individuals was -
0.5 D (SD 2.5, range -11.0 – 5.2 D) for REs and -0.4 D (SD 2.3, range -8.4 – 
6.0 D) for LEs. For controls, the mean SE was -0.2 (SD 1.5, range -5.2 – 1.2) 
for REs and -0.2 D (SD 1.5, range -4.9 – 1.2 D) for LEs. The distribution of 
the SE in the prematurely born individuals and controls is presented in Figure 
7. No statistical difference was found between preterms and controls regarding 
mean SE; however, SE ≥1.5 D was found in seven REs and seven LEs of 
preterms, but none of the controls. 

The mean anisometropia was 0.6 D (SD 0.8, range 0.0 – 4.5 D) for the 
group of preterms and 0.2 D (SD 0.2, range 0.0 – 0.6) for the control group (p 
<0.01). In the preterm group, 49 (83.1%) individuals had anisometropia <1.0 
D, seven (11.9%) from 1.0 – 2.0 D and three (5.1%) >2.0 D (p <0.01) (see 
Figure 7). 

For the preterm group, mean astigmatism for REs was 0.7 (SD 0.8, range 
0.0 – 3.0 D) and 0.7 (SD 0.6, range 0.0 – 2.8 D) for LEs. The mean astigma-
tism for the control group was 0.5 D (SD 0.6, range 0.0 – 3.0 D) for REs and 
0.5 (SD 0.6, range 0.0 – 2.8 D). 

The preterms were more likely than the controls to have a SE ≤-1.0 D in 
any eye, although not statistically significant (Odds ratio (OR) 1.67, 95% CI 
0.69 – 4.03). The preterms with previously treated ROP had the highest risk 
compared to the controls (OR 2.02, 95% CI 0.53 – 7.67). Furthermore, the 
prematurely born individuals were more likely to have astigmatism ≥1.0 D 
than the controls (OR 2.12, 95% CI 0.84 – 5.33) (see Figure 7), with the risk 
being highest for preterms previously treated with ROP. 
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Figure 7. Distribution of refraction, spherical equivalent, anisometropia and astig-
matism, in prematurely born individuals and term born controls. D=dioptres, 
SE=spherical equivalent. 

Any refractive error, i.e. SE ≤-1 D or ≥1 D, anisometropia ≥1 D or astigmatism 
≥1 D in any eye, was seen in 45/59 (76%) preterms and 28/44 (64%) controls. 

Table 7. Axial length, anterior chamber depth, corneal radius and AL/CR ratio in 
prematurely born individuals and term born controls. 

AL (mm) ACD (mm) CR (mm) AL/CR 
Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
Range Range Range Range 

Right eye 
Controls 23.6 (0.9) 3.8 (0.3) 7.7 (0.2) 3.1 (0.1) 

22 – 26.9 3.2 – 4.3 7.1 – 8.2 2.9 – 3.4 
Preterms 23.3 (1.0) 3.7 (0.3) 7.5 (0.3) 3.1 (0.1) 

20.8 – 25.7 3.1 – 4.4 6.9 – 8.3 2.9 – 3.4 
Left eye 
Controls 23.6 (0.9) 3.7 (0.3) 7.7 (0.2) 3.1 (0.1) 

22.1 – 26.7 2.8 – 4.3 7.1 – 8.2 2.9 – 3.4 
Preterms 23.3 (1.0) 3.7 (0.4) 7.5 (0.3) 3.1 (0.1) 

20.5 – 25.5 2.4 – 4.3 6.9 – 8.1 2.9 – 3.5 
ACD=anterior chamber depth, AL=axial length, CR=corneal radius, mm=millimetres, 
SD=standard deviation. 

The AL, ACD, CR and AL/CR ratio for REs and LEs are presented in Table 
7. The AL was shorter in preterms than the controls, although it did not reach
statistical significance (REs p = 0.09, LEs p = 0.09). The prematurely born
individuals had a shorter CR than the controls (REs p <0.01, LEs p <0.01).
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Within the preterm group, a SE ≤-1.0 in any eye was correlated with the 
AL in a stepwise logistic regression model (OR 7.34, 95% 2.42 – 22.27); fur-
thermore, SE ≥1.0 D was correlated with the AL (0.19, 95% CI 0.05 – 0.74) 
and the ACD (OR 0.03, 95% CI 0.00 – 0.86). Anisometropia ≥1.0 D was cor-
related with ACD (OR 0.06, 95% 0.00 – 0.98), and astigmatism ≥1 in any eye 
was correlated with previously treated ROP (OR 7.67, 95% CI 1.68 – 34.95). 

After values from the 2.5- and 10-year follow-up examinations were in-
cluded in the regression model, the SE at 10 years was prognostic of current 
SE ≤-1 (OR 0.19, 95% CI 0.04 – 0.84) as well as SE ≥1.0 D (OR 13.43, 95% 
CI 1.97 – 91.61). Anisometropia at 10 years was prognostic of anisometropia 
≥1.0 D (OR 20.12, 95% CI 1.39 – 291.60). Astigmatism at 10 years was prog-
nostic of current astigmatism ≥1.0 D (OR 18.88, 95% CI 2.89 – 123.56). Birth 
weight or GA was not found to affect refraction at 25–29 years. 

Figure 8 presents the development of the SE (A), anisometropia (B) and 
astigmatism (C) in the LE of the prematurely born individuals with measure-
ments at 6 months, 2.5 years, 10 years and 25–29 years, and controls at 10 
years and 25–29 years. Regarding individual development of SE, the SE de-
creased close to 1.0 D between 10 and 25–29 years in all groups, although the 
range was broad (see Table 8). 

Table 8. Difference in spherical equivalence in the individual subject between 10 
and 25–29 years in prematurely born individuals and term born controls. 

  SE (D) right eye SE (D) left eye 
 Mean (SD) Mean (SD) 
  Range Range 
Controls -0.69 (1.08) -0.77 (1.04) 
 -4.25 – 0.75 -3.87 – 0.50 
Prematures -1.17 (1.53) -1.03 (1.57) 
 -6.62 – 0.88 -7.50 – 1.25 

No ROP -1.20 (1.64) -1.07 (1.69) 
 -6.62 – 0.88 -7.50 – 1.25 

Untreated ROP -1.31 (1.49) -1.40 (1.75) 
 -4.37 – 0.31 -4.99 – -0.60 

Treated ROP -0.99 (1.36) -0.68 (1.02) 
  -4.00 – 0.88 -2.37 – 1.25 

D=dioptres, ROP=retinopathy of prematurity, SD=standard deviation, SE=spherical equiva-
lent. 
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Figure 8. Development of spherical equivalent (A), anisometropia (B) and astigma-
tism (C), in dioptres, over time in the left eye of prematurely born individuals and 
term born controls. ROP=retinopathy of prematurity. 
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Table 9. Heterotropias in prematurely born individuals and term born controls. 
    Heterotropias 
  Distance and near 
    All Esotropia Exotropia 
Controls N=44 1 (2.3%) 1 (2.3%) 0 
Preterms N=59 7 (11.9%) 4 (6.8%) 3 (5.1%) 

No ROP* N=34 5 (14.7%) 2 (5.9%) 3 (8.8%) 
Untreated ROP* N=12 0 0 0 
Treated ROP* N=13 2 (15.4%) 2 (15.4%) 0 

*In the eye with the most severe stage of ROP. 
N=number, ROP=retinopathy of prematurity. 

Strabismus is reported in Table 9. Of the preterms with strabismus, 4/59 (7%) 
had esotropia and 3/59 (5%) had exotropia, see Table 9. 

All preterms with strabismus at 25–29 years had manifest strabismus at 10 
years. One preterm had manifest exotropia at distance at 10 years, but exo-
phoria at 25–29 years. One of the preterms had esotropia at 6 months of age, 
but a consecutive exotropia at 25–29 years. Furthermore, one of the preterms 
had undergone strabismus surgery, and still had manifest esotropia. One of 44 
(2%) controls had manifest esotropia at distance and near; otherwise, no con-
trols had manifest strabismus. 

Heterophorias were detected in 11/59 (19%) preterms and 7/44 (16%) con-
trols at distance, and 21/59 (36%) preterms and 23/44 (52%) controls at near. 

Regarding ocular motility, three prematurely born individuals had an over-
action of the inferior oblique muscle in one or both eyes. Further, two preterms 
had a more complex motility deviation, where one of those had previously 
undergone strabismus surgery. One of the controls had Duane retraction syn-
drome, diagnosed when the individual took part in the 10-year follow-up. Ab-
duction was decreased on the right with retraction on adduction; however, no 
manifest strabismus was present in the primary position. Abnormal motility 
was not detected in other controls. 

Table 10. Stereoacuity, excluding those with strabismus, in prematurely born indi-
viduals and term born controls. 

    Stereoacuity ≤60 arcsec Stereoacuity >60 arcsec 
    N (%) N (%) 
Controls N=43 42 (98%) 1 (2%) 
Prematures N=52 38 (73%) 14 (27%) 

No ROP* N=29 23 (79%) 6 (21%) 
Untreated ROP* N=12 8 (67%) 4 (33%) 
Treated ROP* N=11 7 (64%) 4 (36%) 

*In the eye with the most severe stage of ROP. 
arcsec=seconds of arc, N=number, SD=standard deviation. 
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Stereoacuity within normal limits, according to the study definition, differed 
between the preterms and controls (p <0.01). The difference remained after 
excluding those with strabismus, see Table 10. 

In a logistic regression analysis of subnormal stereoacuity excluding indi-
viduals with manifest strabismus, preterms had a higher risk compared to the 
controls (OR 16.34, 95% CI 2.02 – 132.30); the preterms with previously 
treated ROP had the highest risk (OR 30.39, 95% CI 2.70 – 342.71), but those 
with no ROP (OR 11.45, 95% CI 1.29 – 101.77) as well as those with untreated 
ROP (OR 24.44, 95% CI 2.30 – 259.10) also differed from the controls. When 
excluding the preterms with a neurological complication at 2.5 years, the pre-
terms likewise had a higher risk than the controls (OR 15.58 (1.94 – 125.25). 

Within the preterm group, a stepwise logistic regression excluding individ-
uals with manifest strabismus, a neurological complication at 2.5 years was 
the strongest risk factor for a subnormal stereoacuity at 25–29 years (OR 
12.66, 95% CI 1.20 – 133.42. 

Mean values for the amplitude of accommodation are presented in Table 
11. The mean amplitude was lower for the prematurely born individuals than 
for the controls for REs (p <0.05) and LEs (p <0.05). The prevalence of am-
plitude of accommodation below the minimum, according to Hofstetter’s 
equation, was higher in the preterm group than the control group; 19 (33%) 
for REs and 18 (31%) for LEs of preterms, and 5 (11%) for REs and 6 (14%) 
for LEs of controls (p <0.05 for REs and LEs). The difference remained after 
the preterms with a neurological complication at 2.5 years were excluded. Out 
of the eight preterms who had a neurological complication at 2.5 years of age, 
four had a value below expected, and one of those had a value below the min-
imum according to Hofstetter’s equation. 

No correlation was found between the amplitude of accommodation in the 
better eye and VA in the same eye in either group, including for the binocular 
near VA. A weak correlation was found between the amplitude of accommo-
dation and the SE in preterms (correlation coefficient -0.387), but not in the 
controls. No correlation was found between the amplitude of accommodation 
and GA or BW. 

Mean near point of convergence for the preterms and controls is presented 
in Table 11. 

Within the preterm group, previously treated ROP was found to be the 
strongest risk factor for reduced convergence, in a stepwise linear regression 
(OR 1.54, 95% CI 0.10 – 2.98). 
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Table 11. Accommodation and convergence in prematurely born individuals and 
term born controls. 

    Accommodation (D) Convergence (cm) 
  Right eye Left eye  
  Mean (SD) Mean (SD) Mean (SD) 
    Range Range Range 
Controls N=44 10.6 (2.2) 10.7 (2.1) 6.5 (1.1) 
  7.0 – 20.0 7.0 – 20.0 6.0 – 10.0 
Prematures N=59 9.7 (2.1) 9.8 (2.1) 7.0 (1.9) 
  5.5 – 14.0 5.5 – 15.0 5.0 – 12.0 

No ROP* N=34/36 9.6 (2.0) 9.9 (1.9) 7.2 (1.8) 
  6.0 – 14.0 6.0 – 15.0 5.0 – 12.0 

Untreated ROP* N=12/10 10.5 (2.2) 10.3 (2.2) 5.9 (0.4) 
  6.8 – 13.0 7.0 – 13.0 5.0 – 6.5 

Treated ROP* N=13/13 9.1 (2.2) 9.2 (2.4) 7.5 (2.4) 
    5.5 – 12.0 5.5 – 13.0 5.0 – 12.0 

*In the eye with the most severe stage of ROP. 
cm=centimetres, D=dioptres, N=number, ROP=retinopathy of prematurity, SD=standard devi-
ation. 
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Discussion 

In the present thesis, different ophthalmological aspects, i.e. visual function, 
visual-motor integration, refraction and binocular function, have been evalu-
ated in young adults born preterm. The prematurely born individuals were in-
itially a part of a prospective population-based study on the incidence of ROP, 
and received cryotherapy when treatment was indicated. The preterms were 
followed at regular intervals throughout childhood until 10 years of age, when 
they were examined together with a control group of term born individuals of 
the same age. 

The results of this thesis revealed various ophthalmological dysfunctions 
in the prematurely born individuals compared to a control group of individuals 
born at term. As young adults, the prematurely born individuals had reduced 
visual function compared to the term born controls. Distance and near VA 
were reduced, as were CS and the mean deviation of the VF; however, no 
difference was found regarding mean crowding between the groups, although 
a crowding ratio ≥1.5 was more common in the preterms. Moreover, the vis-
ual-motor integration was impaired. These deficits could be caused by photo-
receptor dysfunction, structural changes in the macula or white matter damage 
in the brain (Jacobson and Dutton, 2000; Akerblom et al., 2011; Akerblom et 
al., 2014). Despite the differences in various aspects of visual function and 
visual-motor integration between the prematurely born individuals and term 
born controls, no risk factors could be identified for visual dysfunction within 
the preterm group in the multivariable analysis, except for previously treated 
ROP regarding near VA and VF, and a neurological complication at 2.5 years 
of age regarding visual-motor integration. Therefore, it could be speculated 
that prematurity per se was the underlying cause. Premature birth affects the 
levels of various factors important for the development of the retina as well as 
the brain, such as IGF-1 (Hellstrom et al., 2003). Low levels of IGF-1 have 
been associated with the development of ROP (Hellstrom et al., 2001), as well 
as with low brain volumes in prematurely born infants (Hansen-Pupp et al., 
2011). While IGF-1 represents a common factor that affects both the retina 
and the brain, injuries to the immature optic radiation can also cause retro-
grade damage to the macular ganglion cell layer with corresponding VF de-
fects (Lennartsson et al., 2018). Magnetic resonance imaging was not per-
formed as part of the current study; thus, the impact of prematurity on the 
brain structure of the prematurely born individuals was not known, although 
it would have given an important insight into the underlying causes. 
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Comparing the results regarding visual function of the current study popu-
lation with the results of the 10-year study (Larsson et al., 2005) at group level 
reveals VA >0.0 logMAR for 10% of the preterms and 2% of the controls at 
25–29 years of age, compared to 14% of the preterms and 2% of the controls 
at 10 years of age (Larsson et al., 2005). Nonetheless, the VA was analysed 
differently; however, in both studies with logMAR charts. For crowding ratio 
≥1.5, the prevalence had increased for both the preterms and controls over 
time (Larsson et al., 2005). At 10 years of age the peripheral VF, assessed with 
Goldman perimetry, was constricted in the treated preterms as a result of the 
cryotherapy. The central visual field, assessed with high-pass resolution pe-
rimetry, was also reduced like it was in the current study, although different 
methods were used. The same chart was used for CS; however, different meth-
ods were used for the analyses. Moreover, the CS was reduced in preterms at 
both ages (Larsson et al., 2006). 

With regard to refraction, the prematurely born individuals had a tendency 
of higher myopia and hyperopia, as well as anisometropia and astigmatism 
compared to the controls. Previous cryotherapy for ROP was the strongest risk 
factor for SE ≤-1.0 D and astigmatism ≥1.0 D. Ten preterms had anisometro-
pia ≥1.0 D, six of those previously treated for ROP, but none of the controls. 
When looking at the development of refraction over time, the eyes previously 
treated for ROP were the most affected. The AL was shorter in the preterms 
than controls, although not statistically significant, as was the CR compared 
to the controls. This is in line with previous studies in adults that have found 
a correlation between low BW and shorter AL and steeper corneal curvature 
(Sun et al., 2010; Fiess et al., 2019). Eye growth and refractive development 
appear to be controlled by local factors in the retina (Wallman et al., 1987; 
Troilo and Wallman, 1991). Hansen et al. proposed that the functional deficits 
in the retina of prematurely born children with ROP could have significant 
biological correlation with eye growth and refractive development (Hansen et 
al., 2017), which would be in accordance with the findings of the current 
study. Figure 8 illustrates the differences between the groups of preterms and 
controls regarding development of refraction, with the preterm group divided 
after severity of ROP, and the preterms with previously treated ROP standing 
out from the other groups with higher myopia, more anisometropia and higher 
astigmatism; however, the difference did not increase over time. 

The prematurely born individuals had a higher prevalence of manifest stra-
bismus than the term born controls. The preterms had a higher prevalence of 
heterophorias at distance; however, it was lower at near, where the term born 
controls had an unusually high prevalence of heterophorias compared to re-
cent studies of children and adults (Hashemi et al., 2017; Hong et al., 2020). 
A possible explanation for this could be that different definitions of hetero-
phorias were used. No new cases of strabismus developed after 10 years of 
age in the study cohort. The prematurely born individuals also had reduced 
stereoacuity, even after excluding subjects with manifest strabismus and a 
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neurological complication at 2.5 years, with the highest risk being for those 
with previously treated ROP. The preterms had an impaired amplitude of ac-
commodation. However, there were no differences regarding the mean near 
point of convergence, although previously treated ROP was the strongest risk 
factor for poor convergence within the preterm group. Five out of seven pre-
terms with manifest strabismus had previously treated ROP, anisometropia 
≥1.0 D and/or a neurological complication at 2.5 years. Previously treated 
ROP was also the strongest risk factor for both impaired stereoacuity and re-
duced convergence, as for many of the previously discussed variables. This 
might be a reflection of the fact that it is the most immature and vulnerable 
infants that develop treatment requiring ROP (Austeng et al., 2009). 

In a report on the long-term outcome of the preterm cohort from New Zea-
land, Darlow et al. found reduced VA in comparison to term born controls, 
which is congruent with the findings of the current study (Darlow et al., 2018). 
However, the VA in the current study was better for both the preterms and 
controls. Unlike the current study, no differences were found regarding CS, 
although a different test was used. Also unlike the current study, Darlow et al. 
did not find a difference regarding myopia <-2.0 D between the preterms and 
controls; however, myopia <-5.0 D was confined to preterms with previous 
ROP. No differences were found regarding hyperopia >2.0 D either. However, 
astigmatism >2.0 D was more common in the preterm group, which is in line 
with the findings of the current study. The reason for these differences is not 
clear. An important difference between the two cohorts is that only the current 
cohort received treatment for ROP in the neonatal period, if indicated (Darlow 
et al., 2018). In a study of psychosocial outcomes where 71% of the original 
cohort participated, Darlow et al. found a lower prevalence of higher educa-
tion and higher welfare dependance. However, the preterms rated their overall 
quality of life similar to the controls (Darlow et al., 2013). 

The impact of the visual dysfunction on the lives of the prematurely born 
individuals is difficult to appreciate fully. Even if the differences were small, 
regarding some of the variables examined, the combined impairment could be 
greater. The preterms reported a lower educational level and more health prob-
lems than the controls, notably depression and autism. The general health 
problems of prematurely born individuals seem to be proportional to the de-
gree of prematurity at birth (Raju et al., 2017). Questions regarding quality of 
life were not included in the questionnaire given in the current study; however, 
it could have provided valuable information about health and vision related 
quality of life. It is difficult to speculate about the degree to which the visual 
dysfunction is caused by a disruption of normal development, as opposed to 
an injury during the vulnerable time after preterm birth. 

The prevalence of intellectual impairment has been shown to increase with 
age in extremely preterm individuals (O'Reilly et al., 2020). However, when 
the ophthalmological findings of the current study are compared with the re-
sults from the 10-year follow-up, the impaired visual function revealed at 10 
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years seemed to persist but not to have worsened at 25–29 years. Unfortu-
nately, the follow-up attendance rate was low despite considerable efforts to 
recruit. However, the current preterm group did not appear to differ greatly 
from the drop-out group. The findings indicate that being born premature 
seems to have long-term effects. 

In summary, being born preterm seems to have long-term effects on various 
aspects of visual and ophthalmological functions. Reassuringly, there was no 
obvious deterioration at young adulthood compared to previous findings at 10 
years of age. The effect of preterm birth on the eyes and the various visual 
functions when these individuals get older remains, however, unknown. 
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Conclusions 

• Visual function was impaired in prematurely born individuals compared 
to term born controls. Distance and near VA, central VF and CS were 
reduced. A crowding ratio ≥1.5 was more prevalent in the preterm group. 
Except for near VA and VF, previous ROP or treated ROP did not impact 
visual function, indicating a role of prematurity per se. 

 
• Visual-motor integration was reduced in the prematurely born individuals. 

The preterms with previously treated ROP had the lowest scores; how-
ever, even preterms with no ROP had inferior results compared to con-
trols, indicating a role of prematurity per se in the cognitive dysfunction. 

 
• The prematurely born individuals had higher values of myopia, hyperopia, 

anisometropia and astigmatism than term born controls. The preterms 
with previously treated ROP had the highest risk of refractive errors. 

 
• The development of refraction from 10 to 25–29 years was most affected 

in the prematurely born individuals with previously treated ROP, although 
remaining quite stable over time with no obvious deterioration. 

 
• Manifest strabismus was more prevalent in prematurely born individuals 

than controls. The preterms also had impaired stereoacuity, even after in-
dividuals with strabismus and a neurological complication at 2.5 years 
were excluded. The amplitude of accommodation was reduced in the pre-
terms. However, the near point of convergence was not found to be dif-
ferent between the groups. The prematurely born individuals with previ-
ously treated ROP had the highest risk of impaired stereoacuity and con-
vergence, reflecting the fact that it is the most immature and vulnerable 
preterms that develop these problems. 



 52 

Svensk sammanfattning 

Förbättrad obstetrisk och neonatal vård har lett till ökad överlevnad hos 
prematurfödda barn de senaste årtiondena. Trots detta har allvarliga 
komplikationer p.g.a. för tidig födsel minskat, medan mindre uttalade skador 
fått en ökad uppmärksamhet. Vissa av problemen uppstår inte förrän i tonåren 
eller tidigt i vuxen ålder när högre krav ställs på individen. 

För tidigt födda barn har en ökad risk för syn- och ögonproblem. I nyfödd-
hetsperioden kan så kallad prematuritetsretinopati (ROP) uppstå. Det är en 
störning i kärlutvecklingen i den omogna näthinnan. ROP klassificeras i fem 
stadier, där de milda formerna brukar gå i spontan regress, medan de svårare 
formerna kan kräva behandling. Tidigare populationsbaserade studier hos pre-
maturfödda barn i 7–12 års ålder har visad ökad förekomst av synnedsättning, 
brytningsfel och skelning, men även påverkan på kognitiva funktioner, bl.a. 
förmågan att integrera visuella och motoriska färdigheter. Studier i vuxen ål-
der är få, men har visat bestående problem. Dessa studier inkluderar dock in-
divider födda innan behandling mot ROP infördes, initialt frysbehandling och 
i senare tid laserbehandling på näthinnan. 

Syftet med denna studie var att utföra en populationsbaserad långtidsupp-
följning av syn och ögonfunktion hos för tidigt födda unga vuxna, behandlade 
mot ROP i nyföddhetsperioden om indikerad. Syftet var också att utvärdera 
inom prematurgruppen om ROP, frysbehandling mot ROP, neurologisk kom-
plikation vid 2,5 års ålder eller prematuriteten i sig påverkade resultaten. Syf-
tet var även att jämföra resultaten med fullgångna unga vuxna, samt att jäm-
föra med en tidigare studie på samma kohort från 10 års ålder. 

I studien inkluderades 59 prematurfödda individer, födda i Stockholmsom-
rådet 1988–1990, med födelsevikt på ≤1500 g. Ursprungligen var de en del av 
en prospektiv populationsbaserad incidensstudie av ROP, och följdes därefter 
i 3,5 år. Vid 10 års ålder undersöktes de prematurfödda barnen igen, tillsam-
mans med en lika stor grupp barn födda i normal tid, varav 44 kom till den 
aktuella studien. Alla individer undersöktes vid 25–29 års ålder. 

De prematurfödda individerna hade sämre synskärpa än kontrollerna, både 
på långt håll och på nära håll. Andra synfunktioner så som synfält och kon-
trastseende var också påverkade. Skillnaden mellan grupperna verkade vara 
orsakad av prematuriteten i sig, eftersom individer utan ROP eller neurologisk 
komplikation vid 2,5 års ålder också drabbades. 

Deltagarna fyllde i ett frågeformulär om ögon och den allmänna hälsan. 
Där framkom att lite mindre andel prematurer än kontroller studerade eller 
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hade gått ut universitetet, mindre andel prematurer hade körkort, och en 
mindre andel studerade eller arbetade på heltid, jämfört med kontroller. De för 
tidigt födda individerna hade sex gånger mer hälsoproblem än kontrollerna, i 
synnerhet var depression och autism mera vanligt hos prematurer än hos kon-
troller. 

Alla deltagare i studien fyllde även i ett test avseende integration av visuell 
och motorisk förmåga. Testet bestod av tre delar, en huvuddel och två kom-
pletterande delar specifikt om den visuella perceptionen och motorkoordinat-
ionen. De prematura individerna hade lägre resultat jämfört med kontrollerna 
på alla delar av testet. ROP, gestationsålder, födelsevikt eller synskärpa ver-
kade inte vara av betydelse, men kontrastseende påverkade den visuella per-
ceptionen. Neurologisk komplikation vid 2,5 års ålder var en riskfaktor för 
sämre prestation, men även prematurer som inte hade haft ROP i spädbarns-
perioden hade lägre resultat än kontroller, vilket tyder på prematuriteten i sig 
som orsak till den kognitiva dysfunktionen. 

De för tidigt födda individerna, speciellt de behandlade mot ROP i späd-
barnsperioden, hade större brytningsfel än kontrollerna, både när det gällde 
närsynthet och översynthet, samt astigmatism. Det var också vanligare att pre-
maturerna hade en skillnad i brytning mellan ögonen. Mätningar av ögats 
längd samt hornhinnans radie, vilket påverkar ögats brytning, visade lite kor-
tare axiallängd och hornhinneradie för prematura än för kontroller, dvs. pre-
matur födelse påverkade ögats tillväxt. Utvecklingen av refraktion visade en 
ganska stabil förändring mot lätt närsynthet över tid, från 10 till 25–29 års 
ålder i prematurer och kontroller. 

Skelning var vanligare hos prematurer än hos kontroller, sju prematurer 
jämfört med en kontroll skelade. Prematurerna hade sämre stereoseende än 
kontrollerna. Den största riskfaktorn för subnormalt stereoseende var behand-
ling mot ROP i spädbarnsperioden. Förmågan att ställa om fokus på olika av-
stånd, eller ackommodation, var sämre hos prematurer än kontroller. 

Sammanfattningsvis verkar för tidig födsel orsaka problem med olika syn- 
och ögonfunktioner. Betryggande nog såg man ingen uppenbar försämring i 
ung vuxen ålder, när resultaten jämfördes med resultat från tidigare studie vid 
10 års ålder. 
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Appendix 

Questionnaire regarding vision, education, work and general health. 
 
 
. 





Frågeformulär om ögon och den allmänna hälsan:

Ögon: 16 Har du behövt extra resurs under skolåren?
1 Upplever du att du har bra syn på långt håll? ☐ Ja Kommentar
☐ Ja ☐ Nej
☐ Nej Kommentar 17 Vilken är din huvudsakliga sysselsättning?

2 Upplever du att du har bra syn på nära håll? ☐ Förvärvsarbete / Anställd
☐ Ja ☐ Studerar
☐ Nej Kommentar ☐ Arbetsmarknadsåtgärd

3 Har du glasögon? ☐ Tjänstledig eller föräldraledig
☐ Ja Hur gammal var du när du fick ☐ Långtidssjukskriven
☐ Nej dina första glasgögon? ☐ Arbetslös

4 Skelar du? ☐ Annat
☐ Ja 18 Hur lång tid arbetar du under dagen?
☐ Nej ☐ Heltid

5 Har du gjort en skelningsoperation? ☐ Deltid
☐ Ja ☐ Annat
☐ Nej 19 Vilket yrke har du / Vad studerar du?

6 Har du någon ögonsjukdom? 20 Hur bedömer du ditt allmänna hälsotillstånd?
☐ Ja Vilken? ☐ Mycket bra
☐ Nej ☐ Bra

7 Har du kontakt med ögonläkare? ☐ Varken bra eller dåligt
☐ Ja ☐ Dåligt
☐ Nej ☐ Mycket dåligt

8 Har du kontakt med Syncentralen? 21 Hur bedömer du ditt psykiska hälsotillstånd?
☐ Ja ☐ Mycket bra
☐ Nej ☐ Bra

9 Behöver du synhjälpmedel? ☐ Varken bra eller dåligt
☐ Ja Vilka? ☐ Dåligt
☐ Nej ☐ Mycket dåligt

10 Har du körkort? 22 Har du någon långvarig sjukdom, någon
☐ Ja nedsatt funktion eller annat långvarigt
☐ Nej hälsoproblem?

11 Blir du fort trött när du läser? ☐ Cerebral pares
☐ Ja Kommentar ☐ Försenad utveckling
☐ Nej ☐ Hörselnedsättning

12 Blir du fort trött när du använder dator? ☐ Neuropsykiatrisk sjukdom
☐ Ja Kommentar (t.ex ADHD, autism)
☐ Nej ☐ Affektiv sjukdom (t.ex. depression,

13 Måste du hålla ett föremål nära för att se bra? ångest, OCD, schizofreni)
☐ Ja Kommentar ☐ Epilepsi
☐ Nej ☐ Högt blodtryck
Allmän hälsa: ☐ Sköldkörtelsjukom

14 Vilken är din högsta pågående/avslutade ☐ Magsjukdomar
formella utbildning? ☐ Hjärt- och kärlsjukdomar
☐ Grundskola ☐ Diabetes
☐ Tvåårigt Gymnasium ☐ Annan sjukdom? Vilken?
☐ Treårigt Gymnasium 23 Har du kontakt med läkare (ej ögonläkare)?
☐ Universitet / Högskola ☐ Ja
☐ Annat ☐ Nej

15 Har du gått i särskola? 24 Har du kontakt med psykolog?
☐ Ja Kommentar ☐ Ja
☐ Nej ☐ Nej
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