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Introduction
Radiologists are trained to interpret 

complex medical images, but the underlying 
cognitive and neural processes involved in 
this task are often overlooked. This review 
seeks to illuminate these processes, exploring 
what makes a radiologist proficient and 
how these skills are developed and refined. 
Recent advances with 3D volumetric 
imaging, increasing imaging volumes and 
examination complexity, mandates a deeper 
understanding of the nature of radiological 
expertise. Understanding the anatomy of 
image acquisition, neural pathways, attention 
mechanisms, and the differences between 
expert and novice radiologists is crucial for 
advancing radiology education and practice.
Historical Perspective on Radiological 
Interpretation

Before the 1950s, the variability in 
radiologist interpretation of radiographs 
was not well recognized. A pivotal study 
designed to compare different X-ray systems 
for tuberculosis (TB) screening revealed 
significant variation in radiological reports, 
highlighting the subjective nature of 
radiological interpretation. Despite advances 
in technology and training, radiological errors 
today persist at similar rates as those reported 
half a century ago [1-3]. 

Many important scientific papers explain the 
neural basis of radiological reporting. Some 
of these studies are derived from primate 
experiments as well as studies designed to 
look at the accuracy of observational skills. 
Many of these observational studies are either 
directly or indirectly related to radiology. 
Some of the MRI studies show distinct 
differences in the areas of the brain activated 
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by images between experts and novices [4]. 
Research in this area is ongoing as there is still 
considerable lack of knowledge in this area.

In this article, we describe the process of 
radiological reporting. From the moment the 
eye sees the images to the final processing in 
neural networks. We also describe how the 
skilled radiologist functions, how a trainee 
develops necessary skills and how common the 
errors are and what factors contributes to all 
these skills or lack thereof [5].
Anatomy of the Eye and Retina

The human eye is a complex organ, crucial 
for visual perception. The retina, a light-
sensitive layer at the back of the eye, contains 
approximately 115 million rods and 6.5 million 
cones. Rods are responsible for vision in low 
light conditions and detect contrast, brightness, 
and motion, while cones are responsible for 
colour vision and fine resolution, concentrated 
primarily in the fovea.

The fovea, located in the centre of the 
macula, is vital for sharp central vision. When a 
radiologist examines an image, the eye rapidly 
moves, or saccades, to bring different parts of 
the image into focus on the fovea. This rapid 
movement allows for detailed examination and 
interpretation of specific areas within a larger 
image, enhancing the resolution and detail of 
the visual information processed.
Neural Pathways

Visual information is transmitted from the 
retina via the optic nerve to the brain. The optic 
nerves from each eye meet at the optic chiasm, 
where fibers from the nasal half of each retina 
cross to the opposite side of the brain. This 
partial crossing ensures that visual information 
from both eyes is integrated and processed 
collectively.
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From the optic chiasm, the visual information travels through 
the optic tracts to the lateral geniculate nucleus (LGN) in the 
thalamus. The LGN acts as a relay station, forwarding the 
information to the primary visual cortex in the occipital lobe. 
The primary visual cortex processes basic visual information, 
such as edges, orientation, and movement, which is then sent 
to higher-order visual areas for further interpretation and 
integration.

Ganglion cell axons in the retina converge, gather myelin 
sheath and exit as optic nerve. The blind spot is the area where 
the optic nerve exits the retina. Since the blind spots of both 
eyes don’t coincide over the same area, one eye sees what the 
other does not. Optic nerves enter the cranial cavity through 
optic foramen and they converge onto optic chiasm. Half of the 
axons cross over to the other side. Then the optic tract enters the 
diencephalon and is projected to the lateral geniculate nucleus. 
The function of the lateral geniculate nucleus is to merge the 
two images into one seamless picture before forwarding (post-
synaptically) the visual data onward to the visual cortex. Only 
about 10-20% of the geniculate nucleus receives information 
from retina. The remaining layers consist of smaller neurons (cell 
bodies), which analyze the two images for colour and picture 
details. The majority of the input to the lateral geniculate nucleus 
comes from other brain regions. This incoming data apparently 
influences the projection to the visual cortex. For example, 
part of the afferent geniculate inflow is from the reticular 
system. Among other jobs, this enormous and diffuse mass of 
reticular system neurons governs the level of consciousness, 
attention and sleep. The level of alertness affects what is seen 
and conversely, what is seen affects the level of alertness and 
concentration. Therefore the level of attention during reporting 
of images depends partly on the reticular system.

Understanding these pathways helps elucidate how 
radiologists integrate visual data into meaningful diagnoses. 
Advanced imaging techniques, such as functional MRI, have 
provided insights into the brain areas activated during image 
interpretation, highlighting the importance of these neural 
pathways in radiological expertise.
Attention and Concentration

Attention is a critical component of radiological expertise, 
allowing radiologists to focus on relevant parts of an image while 
ignoring irrelevant information. Dopamine and noradrenaline 
levels in the brain regulate attention, with dopamine fostering 
goal-oriented focus and noradrenaline enhancing vigilance [6].

Radiologists often work in environments with potential 
distractions, making sustained attention essential. Avoidance of 
distraction increases attention. In one unpublished workplace 
study, it was found that it takes up to 15 minutes to regain 
concentration after a distraction like telephone call [7]. Strategies 
to improve concentration include adequate sleep, regular 
exercise, and a balanced diet. Caffeine and certain medications 
can temporarily boost attention, but long-term reliance on these 
may have adverse effects.

Cognitive training programs designed to enhance attention 
and concentration can be beneficial for radiologists. Techniques 
such as mindfulness meditation have shown promise in 
improving sustained attention and reducing stress, which can 
enhance diagnostic performance.
Eye Movements and the Frontal Eye Field

Eye movements, specifically saccades, are essential for visual 
scanning and image interpretation. The eye tends to make 

about 150,000 saccadic movements each day, which translates 
to roughly three per second. Saccades are rapid, simultaneous 
movements of both eyes in the same direction, allowing the 
fovea to focus on different parts of an image. The frontal eye 
field (FEF), located in the frontal cortex, plays a crucial role in 
controlling these eye movements.

By moving the eye, small parts of images can be viewed with 
greater resolution, bringing particular parts of the image into 
focus on the fovea, thus enabling an increase in resolution. To 
view the entire image in high resolution, the optic nerve would 
need to be larger than the eyeball, and the brain would have to 
be significantly larger. Therefore, eye saccades play an essential 
role in building a mental map of the image viewed on the screen 
in high resolution [8].

Each eye movement requires a prior decision on where to look 
next. Guided visual search involves using an object-specific 
template within the pre-frontal cortex, which sensitizes V4 and 
IT cells whose preferred stimuli match the target. This process 
guides eye movements by modulating the gain of V4 and IT 
cells, facilitating the processing of features to be detected. This 
modulation can be achieved by briefly stimulating the frontal 
eye field (FEF) neurons. The FEF, which can be subdivided into 
medial and lateral components, has connections to many parts of 
the brain, including the occipital, temporal, and parietal lobes, 
the thalamus, superior colliculus, and prefrontal cortex. The 
lateral FEF is responsible for generating short, precise saccades.

Saccadic movements can be increased by antagonizing 
GABA receptors in the superior colliculus and decreased by a 
GABA agonist in the same area. Neurons within the FEF can be 
categorized by their response to visual stimulation and saccade 
execution into visual, visual-motor, fixation, and movement 
cells. Movement cells are active prior to saccades and use 
features after several stages of processing for target selection. 
Fixation cells decrease their activity prior to a saccade and 
increase their firing rate afterward. Movement-related cells 
within the FEF exhibit a fixation-disengagement discharge, 
indicating that fixation cells inhibit movement cells [9].

Studies have shown experienced radiologist eye movements 
to be faster and more accurate compared to the novices. Experts 
make fewer fixations and the eye saccades are of greater 
amplitude [10]. They appear to perceptually encode radiological 
configurations and therefore they use their parafoveal and 
peripheral processing to guide their eye movements. Krupinski 
[11] have demonstrated similarities between the visual search 
and analysis skills of radiologists and lay people.

Training programs can incorporate exercises that enhance eye 
movement patterns, such as visual search tasks and simulation-
based training. These exercises can help radiologists develop 
more efficient scanning strategies, improving diagnostic 
accuracy and reducing interpretation time.
Expertise

The general expectation is, specialists in any radiological 
subspecialty should perform better than generalists, who in turn 
should perform better than non-radiologists. Certain authors 
have defined expertise in mammography as imagers who as part 
of their experience have interpreted 10,000 cases over a 3-year 
period. This level of expertise is equivalent to that of a chess 
grand master. The expertise of a radiologist is based on chunks 
of data rather than discrete facts. If facts are arranged in a 
meaningless manner then the expert’s performance is decreased. 
This is again similar to features seen in a chess grand master. 
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Like a chess master, rapid decisions are based on the 
recognition of visual patterns and their feasible outcomes. 
This builds on the radiologist’s existing memory of abnormal 
films. It has been shown that the experienced radiologist has 
a memory for abnormal films that is equivalent to the memory 
for faces. The recognition memory for normal films decreases 
with radiological experience. As they develop the ability to 
detect abnormalities, the ability to detect variations in normal 
features seems to be lost. This area could be concentrated in 
the continuing professional education for the experienced 
radiologists. 

When the experienced radiologist looks at x-ray images, there 
is enhanced neuronal activity in the middle and inferior temporal 
gyri. Encoding and storage of visual memories takes place in the 
medial temporal region. No equivalent activity is seen in these 
areas in the non-radiologist when looking at x-rays, as there is 
no equivalent storage of information [12]. 

Radiological skills appear to be very specific for radiology-
based tasks because neither perceptual discrimination nor visual 
search skills in radiologists have been shown to be superior to 
laypeople when applied to art-based or pattern recognition-
based tasks. However, although the experienced radiologists 
perform no better than a layperson at art-based tasks, when 
undertaking these tasks they do spend more visual dwell time 
on the true target than the negative background image than the 
non-expert. This suggests that there is some transfer of skills 
to non-radiology based functions. This includes the ability to 
switch attention between dark and light structures to interpret 
the image. Radiologists were also found to use reversal between 
white on black and black on white images to gain further 
information or to confirm certain findings. Non-radiologists find 
this task unfamiliar. 

In addition, when a radiologist looks at non-radiological stimuli 
there is increased activity in the posterior superior and inferior 
temporal gyri, predominantly in the left dominant hemisphere. 
These areas are associated with the mental rotation of objects 
in 3D. In the non-radiologist the same stimuli cause activity 
in the predominantly right dominant anterior superior and 
inferior parietal regions. These areas are associated with tactical 
discrimination. This suggests the experienced radiologist, while 
being no better than a layperson at non-radiological tasks, does 
use different techniques to assess images than the non-expert. 
These illustrate the importance of radiological training to 
interpret radiological studies. Radiographers have been shown 
to significantly improve their film viewing skills with visual 
search practice [13].

The development of expertise involves extensive training 
and practice, often taking years to achieve. During this 
time, radiologists build a mental library of visual patterns 
and outcomes, allowing them to make rapid and accurate 
diagnoses. This process is supported by continuous professional 
development and staying updated with the latest advancements 
in imaging technology and medical knowledge.

Understanding the cognitive and neural basis of radiological 
expertise can inform training programs and improve diagnostic 
accuracy. By focusing on developing pattern recognition skills 
and encouraging lifelong learning, training programs can help 
radiologists achieve higher levels of expertise.
Neuroplasticity

Neuroplasticity, the brain's ability to reorganize itself 
through experience, is crucial in developing and maintaining 

radiological skills. The neural plasticity associated with learning 
and development is increasingly being studied using functional 
neuroimaging methods in the recent years. 

Through learning and experience, organization and processing 
in the brain and its neural networks are changed. The adult 
brain is flexible and the neuronal circuits readily change their 
configurations. Synaptic plasticity is the ability of the synapse 
between two neurons to change their interaction. As radiology 
experience is gained it enhances the sensitivity of the critical 
dimensions of visual analysis for detecting abnormalities in 
radiographs. This demonstrates the adaptive capacity and 
flexibility of sensory systems in adulthood. This enhanced 
sensitivity can be achieved quite rapidly with training, and has 
been shown to continue to develop over a period of months, even 
in the absence of feedback. This plasticity is achieved through 
changes in the amount of neurotransmitter released into a 
synapse and changes in their receptors. Memories are postulated 
to be stored in synapses of the brain thereafter. Synaptic plasticity 
is one of the important neurochemical foundations of learning 
and memory. Three components of memory are Encoding, 
Storage and Recall. Visual memory can result in priming and it 
is assumed that some kind of perceptual representational system 
(PRS) underlies this phenomenon. Priming refers to activation 
of particular representations in a cluster of neurons just before 
carrying out an action or task. When a cluster of neurons are 
activated, by the input of sensory neurons, surrounding clusters 
that are more interconnected become more activated and the 
association comes into consciousness. When an image is 
viewed, priming occurs in the brain. Long-term potentiation 
(LTP) is an important concept in memory and is defined as 
the long-lasting enhancement in efficacy of the connection 
between two neurons. Though its biological mechanisms have 
not yet been fully determined, LTP is believed to contribute 
to synaptic plasticity, providing the foundation for a highly 
adaptable nervous system. Most regard long-term potentiation 
and its opposing process, long-term depression, as the cellular 
basis of learning and memory. Experimentally, a series of short, 
high frequency electric stimulations to a nerve cell synapse can 
strengthen, or potentiate, that synapse for minutes to hours. In 
living cells, LTP occurs naturally and can last from hours to 
days, months, and years. Thus, continuous learning and practise 
help boost LTP [14].

Radiologists can benefit from engaging in activities that 
promote neuroplasticity, such as problem-solving tasks, 
learning new imaging techniques, and participating in case 
reviews and discussions. Simulation-based training and virtual 
reality environments can also provide opportunities for skill 
development and reinforcement.

Incorporating continuous professional development activities 
into training programs can leverage neuroplasticity to sustain 
high levels of radiological expertise. Encouraging radiologists 
to engage in lifelong learning and skill refinement is essential for 
maintaining diagnostic accuracy and adapting to advancements 
in imaging technology.
Intelligence

Intelligent behaviour implies the ability to perform a task 
successfully. This implies capability is necessary to perform 
a task. Most humans have a degree of capability but are still 
unable to do a particular task. This recognition reflects degrees 
of ability. All humans have more or less difficulty in doing a task 
and accordingly exhibit more or less intelligence. Successful 
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intelligence involves three aspects that are interrelated but 
largely distinct: analytical, creative, and practical thinking. 
Analytical intelligence is defined as the first component of 
successful intelligence. It directs our mental process to find 
solutions to problems. Once a Radiologist has identified an 
abnormality, and then the Analytical Intelligence kicks in. Some 
PET studies show that Lateral Frontal cortex is active during the 
Analytical tasks [15,16]. 
Tacit Knowledge 

To measure practical intelligence, Sternberg relies on a concept 
called tacit knowledge. As the name implies, tacit knowledge is 
knowledge that is hard to express in words. Sternberg postulates 
three characteristics of tacit knowledge.

•	 It is procedural rather than factual, which means it 
is knowledge about how to do something rather than 
knowledge about something. 

•	 It is usually learned without the help of others or following 
explicit instruction. 

•	 It is knowledge about things that are personally important 
to the learner, such as radiological knowledge. 

Sternberg [15-17] has developed domain-specific tests of tacit 
knowledge that are based on situations that an individual might 
face in the real world. Those who answer more like experts and 
leaders in their fields are judged to have acquired more tacit 
knowledge in that domain. He argues that tacit knowledge 
tests are better predictors of career success than IQ test scores. 
People, who are more skilled at acquiring tacit knowledge, do 
better in a variety of fields and this includes Radiology.

Sternberg's concept of tacit knowledge, acquired through 
experience rather than explicit instruction, plays a significant 
role in radiology. Tacit knowledge involves understanding how 
to apply theoretical knowledge in practical situations, often 
gained through hands-on experience and mentorship. Those 
adept at acquiring tacit knowledge tend to perform better, 
underscoring the importance of experiential learning in training.

Training programs should emphasize the development of 
tacit knowledge by providing ample opportunities for hands-
on practice, mentorship, and real-world case discussions. 
Encouraging reflective practice and critical thinking can 
also enhance the acquisition of tacit knowledge and improve 
diagnostic performance.
Building schemata 

When large quantities of information are presented, 80% 
of all incoming stimuli being visually based, there has to be 
some effective way of processing all the data. Experts use 
established schemata to deal with the presented problem. The 
problem is quickly assigned to the appropriate category where 
it is processed further. This then guides further thinking before 
testing the schemata to reach and confirm the diagnosis. Experts 
automate the observation and diagnosis therefore increasing 
speed. This leaves more time for fine discrimination and 
reflection of the case and increased problem solving. If a novice 
is presented with the same data they expend more time overall, 
but a smaller proportion of this is spent building a representation 
for the problem. They have trouble building and modifying the 
schemata and recall more information of low relevance to the 
case [4]. 
Visual Scanning Pattern and Accuracy 

As stated previously, numerous studies have been performed 
which show differences in the pattern of assessment of images 

or studies depending on experience. For example, during 
mammography reporting, the longest total decision time was 
for lesion-free images and the shortest for definitely malignant 
images. Assessment of the gaze patterns shows the longest dwell 
times occur at the areas in which abnormalities are reported, 
whether these are true- or false-positive decisions. But, True 
negative decisions have the shortest gaze time of all. In one 
study no true negative decisions about a particular lesion were 
made after fixation times of more than three seconds. 

65% of false negative decisions were fixed with high-
resolution central foveal vision, with the surrounding five-degree 
area undergoing prolonged gaze duration. This prolonged gaze 
was longer in the expert than the novice, suggesting a greater 
awareness of the abnormal even when the correct decision was 
not made. In the first 25 seconds of viewing a mammogram an 
expert will detect true positive findings four times faster than 
false positive findings. The detection rate in novices is slower. 
After 25 seconds, the expert still detected truer than false 
lesions, although the false positive rate was relatively higher. 
The performance of the novice declined after 25 seconds, 
detecting more false than true positive lesions [18]. 

Experts tend to fix their gaze on the first lesion, look 
immediately around it, and then proceed directly to fix their 
gaze on the second lesion. On the other hand, after fixing the 
first lesion the novice was more likely to proceed to a systematic 
search than to immediately fixate another lesion. This could 
result in an ambiguous report by the novice until he is trained. 

Similar patterns have been shown in chest x-ray reporting. 
The largest number of true- positive observations is made in the 
first few seconds. There is an abrupt decline after this, though 
true positive decisions are still made at the end of the search. 
Initial detection of the findings happens so fast, in only one eye 
fixation. Conclusion from that is such a rapid decision could 
not have derived from a systematic search, therefore the role of 
peripheral vision is important. The second, systematic search is 
slower and detects subtle abnormalities. The longer the search, 
the more observations are made in total. The performance of 
the novice was lower, with fewer true- positive findings in total. 

The detection of information requires the transmission 
of information to a system, which is able to elicit subjective 
responses. The detection latency of a visual stimulus is reduced 
when a cue indicates what part of the visual field the signal 
will occur. In simpler terms, if one knows where to look for 
the abnormality, the detection will be quicker. Therefore, any 
clinical information provided for a particular radiological 
study would greatly enhance the detection process resulting 
in a clearer report. This demonstrates alignment of the central 
attention system with the pathway to be activated by the visual 
input.
Misses 

There are three ways in which a lesion may be missed in 
radiology: (a) the lesion is never observed, (b) the lesion is 
briefly noticed but not long enough for detection, or (c) the 
lesion is seen but either not identified as abnormal or dismissed 
as normal. This is also the case with computer aided detection 
devices. Performance may be affected by a number of factors 
other than visual interpretation of the image itself. These 
include inferior quality of the images, in-correct level and 
window for viewing images, lack of enhancement of the images 
through contrast injection or image manipulation, interruptions 
and disturbances, the time of day, time constraints and pressure 
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and the length of reporting session. It will be the responsibility 
of each radiologist to minimize the factors, which influence 
negatively and to maximize the factors, which influence 
positively [19]. 

However, there is also inbuilt error avoiding mechanisms 
within the brain. There is a set of neurons located in the anterior 
cingulate cortex of the frontal lobe close to Frontal eye field in 
the brain called Supplementary Eye Field (SEF) that recognizes 
when a mistake is made. The supplementary eye field appears to 
monitor the eye movement rather than controlling it. This shows 
the cellular basis of controlling or avoiding Mistakes. This 
area appears to control its own activity as it makes decisions, 
corrects errors and overrides habitual responses. This so called 
“oops centre," may serve as an early warning system - working 
at a subconscious level to help us recognize and avoid mistakes. 
This supervisory area of the brain would have been primed 
many times during the training of the radiologists thereby 
helping to avoid errors later. Because of the role played by this 
area, Feedback about the radiological studies especially about 
the errors made, would be important to avoid similar mistakes 
[20,21].
Conclusion

Radiological expertise is a complex interplay of visual, 
cognitive, and neural processes. By understanding these 
mechanisms, we can improve radiology training programs, 
enhance diagnostic accuracy, and ultimately improve patient 
care. Though advances in technology with computer aided 
detection (CAD) and machine learning algorithms, augments 
radiologists in their daily tasks, continuous professional 
development and a focus on building visual and analytical 
skills are essential for maintaining high levels of radiological 
expertise.
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